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To the memory of twentyeight dead mice and one dead rat. 
Once upon a time,there lived a happy woodcutter. 
He was happy because his axe was good;it was an 
old axe and had been in his family a long time. 
His great-grandfather had bought the axe,his 
grandfather had changed the handle,and his father 
put on a new blade.A fine old axe 
ABSTRACT 
The periodicity structure of DNA sequences related to Mus musculus 
satellite DNA was described for a variety of murine rodents. The species 
examined were Mus musculus, Mus poachiavinus, Mus musculus molossinus, 
Mus famulus, Nus caroli, Apodemus sylvaticus and Rattus norvegicus. 
It was concluded that all these sequences were derived from a common 
ancestral 60 base pair repeating sequence. The accumulation of sequence 
heterogeneity in this sequence has led to the formation of complex structures 
composed of integral multiples of the original 60 base pair sequence. 
Periodicities of 60, 120, 180, 2+0 and 360 base pairs have been described. 
A variety of structures derived from these periodicities can be seen in the 
species examined. 
ABBREVIATIONS 
B.P. 	 Base Pairs 
EDTA 	 EthylenediaminetetraacetiC acid 
Eth.Br. 	 Ethidium Bromide 
K.B. 	 Kilo base Pairs. 
MTX. 	 Methotrexate 
N.D. 	 Not done 
r.n. N. 	Repat number 
r.u. 	 repeat unit 
SSC 	 Standard Saline Citrate 
(0.13M NaCl- 0.015M trisodium citrate) 
Tris. 	 Tris(hydrosymethyl) aminomethane 
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Satellite DNAs are an easily recognized feature of eukaryotic DNAs, 
they are defined in terms of their buoyant density characteristics. When 
centrifuged to equilibrium in caesium chloride gradients prokaryotic DNAs 
form a unirnodal density distribution, whereas eukaryotic DNAs often show 
a more complex behaviour. For example when mouse DNA is centrifuged to 
equilibrium in caesium chloride it bands in a pronounced bimodal 
distribution. The major component (-90%) has a modal density of 1.701 gin 
cm-3  and' the minor component (-io%) has a modal density of .1.690 gin cm-3 
(Kit, 1961). 
Minor components of this type became known as satellite DNAs. The 
term was subsequently extended to include minor components of DNA with 
aberrent heavy metal binding characteristics (Walker, 1971). For example 
human DNA has several minor components when centrifuged to equilibrium 
in either Ag/Cs 2S0 or Hg/Cs2S0 gradients (CorneG, 1970). 
Density of DNA in CsCl is a linear function of base composition 
(Rolfe and Meselson, 1959). It therefore follows that satellite DNAs 
have a base composition different from the bulk of the DNA of the organism 
from which they can be extracted. 
A number of methods have been applied to the study of satellite 
DNAs. The measurement of melting temperature (Tm) is another indication 
of base composition (Marmur and Doty, 1962), and supports the suggestion 
that satellite DNAs have an unrepresentative base composition for the 
organism from which they are extracted. 
Denaturation of DNA followed by reassociation of the single strands 
iS a powerful approach to the study of DNA sequence organization (Britten 
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and Kohne, 1968). These studies have shown that satellite DNAs are a 
DNA sequence repeated manf old within a genome. From the number of copies 
of a given satellite DNA sequence which can be found in a genorne, and 
the amount of satellite DNA in that genome, the length of the satellite 
DNA sequence can be estimated. This determination is known as the kinetic 
complexity (Waring and Britten, 1966). These measurements suggest that 
satellite DNAs are composed of many copies of a simple sequence. 
Pyrimidine tract analysis of satellite DNAs supports this idea. 
The guinea pig a satellite was found, by pyrimidine tract analysis, to 
have a simple six base pair sequence which is therefore repeated many 
times in the satellite DNA (Southern, 1970). 
Since satellite DNAs can be prepared from high molecular weight 
DNA in CsCl gradients, it can be inferred that the satellite DNA sequences 
must be localized in particular regions of the DNA. That satellite DNAs 
show a well defined repetition frequency, and sharp thermal denaturation 
profile suggests that little DNA other than these short repeating 
sequences are to be found in the satellite DNA fractions. 
Sequence specific cleavage of DNA by restriction enzymes, coupled 
with gel electrophoresis, was an important complement to these methods. 
The earliest work looked for regularities in the distribution of 
cleavage sites (Southern and Roizes, 1973; Botchan, McKenna and Sharp, 
1973; Horz ,Hess and Zachau, 1974). A study of the distribution of 
cleavage sites for the enzyme Eco RII allowed Southern (1975a) to 
calculate the length of the repeating sequence in mouse satellite DNA. 
This he found to be 245 BP (Base pairs), a figure not in agreement with 
the kinetic complexity calculated by Sutton and McCallum (1971) to be 
120-200 BP. Partial digestion of this satellite with Eco RII showed 
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that the repeating sequences are linked to each other in tandem. 
From these different types of study a picture of a satellite DNA 
as a long array of tandemly repeating short sequences of atypical base 
composition emerges. A short DNA sequence can have a base composition 
which is not typical of the organism as a whole • A long tandem array 
of such sequences might then be expected to display many of the character-
istics which have been mentioned. Each copy of this short repeating 
sequence can conveniently be called a repeat unit. 
Satellite DNAs are not entirely uniform in their structure • This 
lack of uniformity is attributable to the effects of mutation in these 
sequences. This sequence heterogeneity can be detected by a number of 
methods • The pyrimidine tract analysis of the guinea pig a satellite 
DNA (Southern, 1970) revealed that several different but related simple 
sequences could be found in that satellite. 
Reassociation of single stranded DNA accompanied by the measurement 
of the difference between the melting point of native and reassociated 
duplexes (AT m
)gives a measure of sequence heterogeneity, or mismatch 
in the reassociated duplexes (McCarthy and Farquhar, 1972; Laird, 
McConnaughy. and McCarthy, 1970)0 With specific reference to satellite 
DNAs this method gives an overall measure of the identity or otherwise 
of different repeat units. For mouse satellite DNA Sutton and McCallum 
(1971), using this method, found that reassociated duplexes were on 
average 5% mismatched. 
Restriction enzyme cleavage and gel electrophoresis can be used 
to calculate the sequence heterogeneity of a satellite DNA at the 
restriction enzyme site. The procedure used is to determine the form 
of the frequency distribution of restriction enzyme sites. This 
1 
procedure, devised by Slack (197+), is described in detail, with some 
comments, later. At this stage it is sufficient to say that the 
procedure is a simple graphical method, from which many parameters of 
the distribution are easily calculated. The procedure is also a powerful 
test for the randomness of the distribution of restriction enzyme sites. 
Using this method Southern (1975a) was able to calculate the sequence 
heterogeneity of mouse satellite DNA, and found good agreement with the 
independent determination of Sutton and McCallum (1971) from 
measurements. 
Recently the use of molecular cloning techniques and rapid DNA 
sequencing methods has provided very detailed information about the 
structure of satellite DNAs; that is the sequence of individual repeat 
units. In the case of mouse satellite Schmookler-Reis and Biro (1978) 
have derived partial repeat unit sequences from both cloned and bulk 
satellite. That they report some disagreement between the sequences, and 
ambiguity in the sequence derived from bulk satellite, is direct evidence 
for the sequence heterogeneity inferred by Sutton and McCallum (1971) 
from A T measurements. 
m 
General Comments 
Satellite DNAs have a wide species distribution. A table of the 
incidence of satellite DNAs can be found in either the review by Bostock 
(1971) or John and Miklos (1979). They can represent any of a wide range 
of proportions of the total genome. In Drosophila nasutoides about 60% 
of the genome is represented by four satellite DNAs (Corridero-Stone 
and Lee, 1976); while in Drosophila ezona no satellite DNAs can be found 
by centrifugation, and reassociation experiments show a lack of highly 
repetitive DNA (Comings, Harris, Okada and Holmquist, 1977). 
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The length of the repeat unit of which a satellite DNA is composed 
can take any of a wide range of values. The crab AT satellite is about 
90% (AT) n' (Sue oka and Chang, 1962; Skinner, Beattie, Kerr and Graham, 
1970) while the Apodernu.s agrarius satellite has a kinetic complexity of 
105BP. The Apodemus agrarius satellite appears to have a shorter ( 300 
BP) repeating structure and represents a very heterogeneous collection 
of 300 BP repeating units (Allan, 1974). 
Satellite DNAs have been localized cytologically by in situ 
hybridization (for a review see Eckhardt, 1972). There is a rough 
correspondence between the location of satellite DNA and the presence of 
constitutive heterochromatin, but the correspondence is by no means 
universal (see Bostock, 1971;& John and Miklos, 1979). 
There has been much debate about satellite DNA function (see Bostock, 
1971; John and Miklos, 1979 for reviews) but no clear picture has 
emerged. This topic is complex and rather speculative; the issues 
regarding function will be dealt with as they arise. 
Origin of Satellite DNA5 
There are two different views of the origin of satellite DNAs, both 
of which propose the formation of a nearly homogeneous simple sequence 
s\atellite, such as the Drosophila virilis satellites (Gall and Atherton, 
1974). One view is that satellite DNAs arise suddenly and the other is 
Oor 
	
	that they arise slowly. Both views suggest that the simple sequence 
satellites are the ancestors of the more complex satellite DNAs, which 
arise through the introduction of random base changes into the satellite. 
Sequence heterogeneity is then a function of the evolutionary age of the 
satellite DNA. 
It was first proposed that satellite DNAs arise suddenly, the process 
was called 'saltation', and specified no molecular mechanism, but some 
(Britten and Kohne 1968) 
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mechanisms were later proposed. For example a mutant polymerase may 
synthesise many copies of a short sequence by 'stuttering' at some, 
presumably awkward, sequence (Wells, Buchr, Kossel, Otsuka and Khorana, 
1967; and Walker, Flamm and McLaren, 1969). 
Keyl (1965) proposed that an error during the replication of DNA may 
lead to the two ends of a replication bubble being broken and rejoined 
forming a duplication. A succession of these events could lead to a 
geometric increase in the amount of a satellite DNA. 
These mechanisms do not however account for the fact that a particular 
satellite may be found on many non-homologous chromosomes, as is the case 
in the mouse. As both mechanisms are chromosome specific, it is necessary 
to propose that satellite DNAs were spread among different chromosomes 
after they arose. 
An alternative mechanism, which is not chromosome specific, of 
producing a repetitive sequence, is the rolling circle model proposed by 
Gilbert and Dresler (1968). A polymerase can synthesise a linear DNA 
molecule, of indefinite length, from a circular template. A requirement 
of this model is that the long linear product can be reinserted into 
the chromosome. This model has the virtue that it can easily explain how 
a repeated sequence can be found on non-homologous chromosomes. A rolling 
' circle would, however, generate a homogenous structure, but restriction 
enzyme sites are distributed in a manner which indicates sequence hetero-
geneity. In order to explain the conformity of restriction enzyme site 
distributions to the random distribution proposed by Slack (1974) and 
Southern (1975a), it is necessary to propose that some randomizing process 
must also occur (Horz and Zachau, 197?). 
The second major class of model, suggest that satellite DNAs arose 
gradually. It should however be stated that any of the mechanisms proposed 
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as sudden, require little modification to become gradual. Smith (1976) 
proposed that unequal sister chromatid exchange can produce a repeating 
sequence out of a random starting sequence. The argument rests entirely 
on computer simulations. While these simulations demonstrate that such a 
mechanism could exist the critical point is whether or not the required 
preconditions are met. If these preconditions are that the 'starting' 
sequence is not maintained by selection, but that some restraint on the 
variation of the length of this sequence exists, and that staggered 
recombinational events occur then these preconditions are met by the 
lambda b region. This sequence is maintained by size selection constraints 
imposed by phage packaging. The sequence is non essential, and staggered 
recombinational events are known to occur in the region. This sequence is 
then a good candidate for the process described by Smith (1976). That this 
sequence has remained non-repetitive, suggests that the model does not 
have universal application. 
Variation of Satellite IA 
From AT measurements and restriction enzyme studies it can be 
seen that a given satellite DNA can carry a degree of internal hetero-
geneity. With this in mind it is apparent that related satellite DNAs 
can differ from each other in many ways. 
The most fundamental level at which differences between satellite 
DNAs can be detected is at the level of sequence. These differences are 
however only clearly detectable in satellites which have an almost 
homogenous structure. In the case of the Drosophila virilis satellites 
Gail and Atherton (197+) have shown that these three satellites differ 
from each other by a single base change in the repeat unit:- 
	
Sat. I 	(ACAAACT) 
Sat. II 	(ATAAACT) 
Sat. III 	(ACAAATT) 
This change has an effect on both the buoyant density and melting 
temperature of the bulk satellite DNA. These differences give a clue to 
methods which can be used to examine the relatedness of satellite DNAs, 
if their DNA sequence is not as simple as in the Drosphila virilis case. 
That is, measurements of buoyant density and melting temperature give some 
measure of satellite DNA relatedness. TheTm of heteroduplexes formed 
between different satellites is also a measure of relatedness between different 
satellite DNAs. 
Sutton and McCallum (1972) have used these techniques to measure the 
relationship between satellite DNAs found in related species of Mus. The 
satellite DNAs of Mus musculus, Mus famulus and Mus caroli have similar 
densities in neutral caesium chloride, but have distintive behaviour in 
Ag/Cs2SO gradients, and represent different proportions of the genome. 
The T of the satellites and theLT of reassociated homoduplexes were also 
similar. TheATm of the reassociated heteroduplexes formed between these 
satellites, was about 25°C as against 5
0C for the reassociated homoduplexes. 
Although these satellites are related they have followed different evolution-
ary paths. 
Studies on the Apodemus satellites using restriction enzymes have 
shown some degree of variation between the digestion pattern of related 
satellites (Cooke, 1975). Complex differences in structure have been 
found between the related sheep and goat (G + C) rich satellites (Frostov 
Votovov 	Guttemann; Pivec and Dosko'il, 1979). 
The process by which these differences arise is a matter of some 
interest, and a variety of mechanisms have been proposed which rely on 
the concept of differential multiplication of non-representative sequences 
in a satellite DNA through the course of its evolution. 
Mechanisms of Variation of Satellite DNA 
Despite difficulties regarding the origins of satellite DNAs, both 
the unequal crossing over model and the rolling circle model have been 
applied to the evolution of satellite DNAs. Some evidence is required to 
show that both models are bona fide candidates. This evidence does not 
come from studies on satellite DNA but is nevertheless relevant to show 
the possibility of their involvement. 
Unequal crossing over can be shown to occur in the 0 and -y globin 
genes of humans, where both the products of reciprocal staggered exchange 
(lepore and antilepore chromosomes) can be found (Lang and Lorkin, 1976; 
Flavell, Kooter, Beboer, Little and Williamson, 1978). 
It can be argued that the Xenopus rDNA amplification is a model for 
the rolling circle process. From the crosses performed by Reeder et al, 
there is some suggestion that in one case out of fifty examined that the 
amplified rDNA was passed to the chromosome of the progeny (Reeder, Brown, 
We llauer and Dawid, 1976). 
Other chromosomal changes may influence the evolution of a particular 
satellite DNA, and are necessary to an unequal sister chromatid exchange 
model to account for the chromosomal distribution of satellite DNAs. In 
the genus Dipodomys there is a strong correlation between the existence 
of biarmed chromosomes and satellite DNA content (Hatch, Bodner, Mazrimas 
and Moore, 1976). 
A model for the evolution of satellite DNA which has gained some 
ground is the "library hypothesis" (Salser, Bowen, Browne, ElAldi, Fouad, 
Fedroff, Fry, Heindell, Paddock, Poon, Wallace and Whitcorne, 1976 and Fry 
and Salser, 1977). In its simplest form this model suggests that there 
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are a number of different sequences in any genome which are "candidate 
satellites". These sequences are in some way amplified to different 
extents in different organisms. Consequently satellite DNA evolution is 
mainly quantive change. This simple suggestion can be used to account 
for the species distribution of various satellite DNAs and repeated 
sequences; for example, in the great apes (Gosden, Mitchell, Seuanez and 
Gosden, 1977) in kangaroo rats (Fry and Salser, 1977) in cereals (Flavell, 
Rimpau and Smith, 1977) and in Drosophila (Barnes and Dover, 1978). The 
generality of this model has been lost by the suggestion of Fry and Salser 
(1977) that "The essential step in the evolution of a satellite DNA may be 
its acquisition of a biological function". It would be unfortunate if 
this loss of generality were allowed to obscure the important concept 
that satellite DNA evolution is mainly a process of quantive change. 
Structure of Satellite DNAs 
It has already been stated that satellite DNAs represent many copies 
of a short (non-random) sequence. That these sequences exist in long 
blocks of repeat units arranged in tandem can be deduced either from the 
centrifugation behaviour of a variety of molecular weights of DNA, or 
from electrophoretic studies. For the Drosophila melanogaster 1.705 gm cm  
satellite, the mean block size has been calculated, from centrifugation 
studies, as 346 KB (kilobase pairs). (Brutlag, Appels, Dennis and 
Peacock, 1977). 
It has been suggested for mouse satellite DNA, on the basis of 
restriction enzyme and electrophoretic studies, that the satellite can 
be divided into subfractions (Horz and Zachau, 1977). Each subfraction. 
is susceptible to cleavage by a particular restriction enzyme. Sometimes 
two subfractions are quite distinct; that is, for example, the DNA 
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cleaved by Bsu is not cleaved by Hind II and vice versa. These sub-
fractions or blocks of satellite are non-overlapping; the sites do not 
intermingle. These non-overlapping blocks were shown to be at least 
20 KB (-200 repeat units) long. If these blocks of satellite DNA are 
contiguous and not separated by non-satellite DNA, then the satellite 
DNA itself may well exist in much longer unbroken arrays. 
The use of restriction enzymes to study satellite DNAs has given rise 
to the concept of periodicity. If for example a satellite DNA was 
composed of tandeznly repeating 100 BP sequences, and each of these 
repeating units possessed a given restriction enzyme site, then upon 
digestion to completion with this enzyme the satellite would be reduced 
to a single 100 BP size class. If these repeat units were arranged in 
tandem partial digestion would result in the formation of a series of 
discrete size classes. Each size class would be an integral multiple 
of 100 BP. The common difference between these size classes is called 
the periodicity. If this collection of discrete size classes was 
separated into its components by gel electrophoresis, then a regular 
repeating pattern would be seen after the appropriate visualization 
procedure had been used. This regular pattern is often called a ladder 
(see diagram case 1. Fig. 1). 
A satellite DNA often has some degree of sequence heterogeneity. 
In the hypothetical example described above, this heterogeneity might 
manifest itself as an occasional repeat unit lacking the restriction 
enzyme site. If these repeat units lacking the restriction enzyme site 
were distributed randomly throughout the satellite DNA, then complete 
digestion of the satellite DNA would appear very much like a partial 
digestion of a homogenous satellite (see diagram, case 2. Fig. 1). 
This digestion pattern can be used to discern the satellite DNA periodicity. 
Case 2 • Heterogenous 
Undigested 
• 	 • 	,I • 	R • 	 • 
Complete digestc  
•.._i 	4.I— 4 	—4---4 4J44........ 
Complete digests 
'..4 . - 	14J__4 J.__(' 	• 
One repeat unit 
'• Repeat unit with a restriction enzyme site. I 
Digestion product one repeat unit in length. 
Figure it Ordered Structures in Satellite DNA. 
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For clarity, this periodicity will be called the primary periodicity of 
the satellite DNA. Complete digestion of a heterogenous satellite DNA 
can give more information than simply the primary periodicity of the 
satellite DNA; it can also be used as a test for randomness of the 
distribution of restriction enzyme sites in the satellite DNA. If the 
sites are distributed at random, then the distribution of size classes 
after complete digestion is that described by Slack (1974) and Southern 
(1975a). This form of distribution has been found in many cases (see 
Southern, 1975a; Cooke, 1975; Shen,Weishahn and Hearst, 1976; 
Altenburger, Horz and Zachau, 1977;& Fittler, 1977). If repeat units 
carrying a restriction enzyme site are not distributed randomly as described 
above, then the appearance of a complete restriction enzyme digestion will 
be different from that described by Slack (197 4 ) and Southern (1975a). 
These differences are important because they reveal a structure different 
from the regular primary periodicity. 
A structure displayed as an irregular ladder, because of non-
randomness of the distribution of repeat units carrying a restriction 
enzyme site can be called a higher order structure. There are two opposite 
sorts of higher order structure. Both of these possible types have been 
found and described. 
The first sort is when the repeat units carrying a restriction 
enzyme site are themselves distributed in a periodic manner, or have a 
tendency to be so distributed. (Say restriction enzyme sites tend to be 
every second repeat unit.) This can be called a higher order periodicity. 
Upon digestion of this type of structure an excess of some size classes 
will be found (say 200, 4O0, 600... etc. BP). The size classes in excess 
will themselves represent a series of sizes all exact multiples of both 
the primary periodicity and the higher order periodicity. Like the 
-13- 
primary periodicity, the higher order periodicity is a common difference. 
In this case it is the common difference between the members of the 
series of the size classes found in excess (see diagram, case 3, Fig. 1). 
An example of this structure is found in the case of human satellite 
III (Beauchamp, Mitchell, Buckland and Bostock, 1979). In this example 
it was found that the satellite DNA specific to particular chromosomes 
showed such a marked higher order periodicity that only one or two of the 
possible series of size classes could be found. 
The second possible higher order structure is when the repeat units 
carrying a restriction enzyme site are clustered together, or tend to be. 
The number of repeat units between the clusters is undefined. The extreme 
form of this distribution would, upon digestion, divide the satellite into 
two size classes, one very large and the other the size of the repeat 
unit. In a less extreme form this distribution would yield, upon digestion, 
a series of size classes corresponding to the primary periodicity, but 
with an excess of the smallest member of that series, which is the size 
of a repeat unit (see diagram, case k, Fig.1). 
An example of clustering of restriction enzyme sites in this mariner 
is found in the sheep (Gtr. C) rich satellite, but is absent from the 
related goat satellite (Frostova et al). 
The two higher order structures described above are just the beginning 
of a hierarchy of possible structures. For example a periodic clustering 
of sites is one of the possible members of the next highest order in the 
hierarchy. 
When discussing a periodic series of size classes, a convenient 
notation to use is the terms monomer, dimer trimer ... etc. to denote the 
first, second and third ... etc. members of the series. This notation is 
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most easily used to describe a periodic series in which all members can 
be found, up to an arbitrarily large size, and in which the size of the 
smallest member is the size of the common difference. This notation will 
be used, but only applied to the members of the primary periodicity. 
The hierarchy of periodicities which has been described often results 
in a confusion of terminologies. The terminology which has just been 
defined will therefore be used here. Consider for example a satellite DNA 
which has a very marked higher order periodicity. It is quite likely that, 
when this satellite DNA is first studied the observed distribution of 
restriction enzyme sites will be that of the higher order periodicity. 
Confusion will ensue because this first observed periodicity will become 
established in the literature as the primary periodicity,,and subsequent 
investigations will expose one or more periodicities shorter than that 
first described. Terms such as 'sub repeats' or 'internal periodicity' 
are then introduced to describe the satellite in more detail. There are 
good reasons to think that the distinction between 'sub repeats' versus 
'primary periodicity' and 'primary periodicity' versus higher order 
periodicity' are merely semantic. While this may be true, there is never-
theless some virtue in calling the most obvious or abundant periodicity 
the primary periodicity. 
This sort of situation has been described in a variety of circumstances, 
for example the calf satellite III has a major 2350 BP periodicity with 
underlying 11 and 22 B? periodicities (Streeck and Zachau, 1978). In 
mouse satellite DNA a similar structure is observed where as well as the 
major 2+C BP periodicity, 60 and 120 B? periodicities can be found 
(Southern, 1975a). Both these examples support the notion that the choice 
of which periodicity to call primary, is somewhat arbitrary; in that all 
periodicities are integral multiples of the shortest periodicity. However 
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in the case of the Apodemus sylvaticus satellite, the principal 370 EP 
periodicity (Cooke, 1975) has two competing internal periodicities of 75 
and 180 BP (Brown and Dover, 1979). Neither of these two can be 
considered primary at the expense of the other. There is then good reason 
to regard the 370  BP periodicity as 'primary' and the shorter periodicities 
as 'internal', until such time as a shorter periodicity common to both 
the 75 and 180 BP periodicities is found. 
From this account of satellite DNA structure two main points can 
be drawn. The first is that satellite DNAs extend over considerable lengths 
of DNA; and the second is that many, levels of regularity in the structure 
of this DNA can be found. 
This Investigation in Context 
This thesis has grown out of the structural studies on mouse 
ateiL.Le 
 
DNA k6outhern- i',ya ana norz and bacnail, J'/'/) and the mouse 
species comparisons of Sutton and McCallum (1972). The approach which 
has been taken is to attempt to characterize the variation which occurs 
in a satellite DNA sequence, both within and between species. The sequence 
found in Mus musculus satellite DNA has been studied. The method of choice 
was to use restriction enzymes as a probe for satellite DNA structure, 
coupled with the blotting technique of Southern (1975b). This combination 
of methods allowed the investigation of both periodicity and sequence 
homology without requiring the preparation of satellite DNAs from all the 
species and individuals concerned. This also avoided the problems 
associated with density changes in related satellites. A theoretical 
section is included, in which a simple model of satellite DNA variation is 
described. The underlying question in this thesis is "What is the nature 
of inter-species variation of satellite DNA and how is it related to 
intra-species variation?" 
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MATERIALS AND METHODS 
Bacterial Strains 
NM39 (RI Tetr) 
1100 F mec (Xc1857 ) 
Both strains were a gift of S.G. Hughes and used for the preparation 
and assaying of EcoRli. 
Mice 
AKR; BALB/c; C57B1 4./6J; C57B1J1 0  and DBA-2 were from the stocks of 
the Department of Zoology and were a gift of D. Scott. 
Mus caroli, eight individuals, were obtained from K. Rows on of the 
University of London Institute of Laryngology and Otology, and were 
maintained in the Department of Zoology by M. Taggart 
Preparation of DNA 
DNA from aiimai LUSSUe was prepared by the method of Walker and 
McLaren (1965). BALB/c DNA was prepared from liver, kidney, spleen and, 
in males, testes, pooled from several animals. AKR, C57B1J6J and DBA-2 
DNA was similarly prepared from single animals • Mus caroli DNA was 
prepared from the pooled organs of two individuals. In all cases male 
and female DNA was prepared separately. C57BLI0, DNA was a gift of 
M. Taggart. Pq1q and various Methotrexate resistant cell line DNAs were 
a gift of C.J. Bostock. Mus muscu.lus molossirus DNA was a gift of 
K. Gross of Roswell Park Memorial Institute, New York. Mus poschiavius 
and Mus famulus DNAs were a gift of H.J. Cooke. Apodemus sylvaticus DNA 
was a gift of A.P. Bird, the animals being from St. Kilda. Rat DNA was 
a gift of S. Campo. PGI9, the methotrexate resistant cell lines and 
Mus poschiaius DNA were derived from cultured cells, all other DNAs 
were from animals. 
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Mouse satellite DNA was prepared from BALB/c mice by either one or 
two cycles of Ag/Cs2S0 gradient centrifugation (Corneo, 1970), pelletted 
through +M NaC1 and then, if necessary, re-banded in a CsC1 gradient. 
Purity of the satellite DNA is difficult to estimate accurately, but was 
certainly not less than 80% and probably more than 90% pure, as judged 
either from analytical gradients or analytical gel electrophoresis. 
Hybridization of the satellite DNA to digests of total Mus musculus DNA, 
using an enzyme not cleaving the satellite DNA gave no evidence of either 
a homogenous or heterogenou.s contaminant. 
Phage DNA was prepared according to the method of Murray Branimer 
and Murray (1977). 
Enzymes 
Eco P11 was prepared from NM39 according to the method of Bickle, 
Pirrotta and Imber (1977). Heparin-Agarose was a gift of B.A. Smith. 
The enzyme was assayed on non-methylate. 	DNA prepared from the 
lysogen 1100 ( X CI 857). Hinf was purchased from New England Biolabe 
and Pol. 1 was purchased from Boehringer Mannheim (London). Al]. other 
enzymes were a gift of B.A. Smith, as were X P1/Hind III digests for 
marker DNAs (See Roberts, 1976). 
Gel Electrophoresis 
Analytical agarose gels in the concentration range 0.3 - 2.5% w/v 
were run in a phosphate E buffer, with circulation to prevent excessive 
pH changes CE buffer in 30 mM Na2HPOk,  3mM  NaH2POk,  ]nM EDTA). 1.5% 
agarose gels were most often used, and gave the widest range of clear 
separation of satellite DNA fragments. DNA entered the gel at a 
voltage gradient of 5V cm and was run at a voltage gradient of 1 V cm -1 , 
3jg Mouse, lug satttitor Oug rrrker 	DNA was used. 
Vertical 20 cm x 20 cm gels were used for most purposes, but 10 cm x 
10 cm and 10 x 20 cm gels were sometimes employed, both to check 
completeness of digestion and as an aid to restriction enzyme assays. 
All gels used were 3 nun thick. Preparative gels were run in 100 mM Tris 
Acetate pH 7.7 9 1 mM EDTA. 
Analytical gels were photographed, after staining for about 20 
minutes in ethidiuxn bromide (-0.5 ug/m.l), by fluorescence created by 
side illumination with short wave DV (254 run) lamps. The gel was 
photographed through a red filter R25A (Hoya Japan). Ilford FPk 
(5" x 4 11 ) film was used throughout. 
Microdensitometry 
Estimates of the amount of Ethidium Bromide fluorescence detected 
by photography were made by measuring the peak areas from tracings of 
the negative using a Joyce-Lobel microden.sitometer. Areas were estimated 
either by planime try or by measuring peak heights and width at ha].f 
height; these procedures gave approximately the same percentage errors. 
In all cases care was taken to ensure that peak area was proportional 
to DNA amount over the range measured (Pulleyblank, Sure and Vinograd 1979). 
This was achieved by plotting a graph of peak area versus molecular 
weight for the 7 Ri/Hind III digest. This gave a useable tenfold range 
of peak areas where fragments could be assumed to be equixriolar; the 
largest (21.8 KB) fragment having a cohesive end. For autoradiographs 
it was assumed that peak area is proportional to the number of 
disintegrations during exposure. 
Transfer of DNA to Nitrocellulose filters 
Nitrocellulose filter replicas were made according to the method 
of Southern (1975b). 
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Radioactive labelling of IA 
Nick translated DNA was used as a probe throughout (Maniatis, 
Jeffrey and Kleid, 1975). Two radioactive ( 32P) triphosphates were 
usually used to label 0.5 - 1 g of satellite DNA, giving 10-50% 
incorporation of label and a specific activity of about 3 x 
10  d.p.s./.ig. 
32 P triphosphates were purchased from the Radiochemn.cal Centre Amersham. 
Hybridisation 
Hybridisation of Nick translated DNA to nitrocellulose filter 
replicas, was carried out in 3 x SSC, k x Denhart's Solution (Denhart, 
1966) (ssc is 0.15 M NaCl 0.015 M trisodium citrate; Denhart's solution 
is 0.02%w/v each of bovine serum albumen, ficoll and pol'v±n.y1pyrro1odine.) 
Hybridisation was carried out overnight (—i6 lu's) after having pre- 
washed the filter for four hours under hybridisation conditions, but 
without any probe. Hybridisation temperature was usually 65 °c but for 
some purposes 50°C was used. 
Washing filters 
After hybridisation filters were washed either in 0.1 x SSC, 
0.1% SDS at 650C  or in 2 x SSC 0.1% SDS 65°C or 50°C. The 2 x SSC 0.1% 
SDS washes were only used for species comparisons with Rattus, Apodemus, 
Mus caroli or Mus farnulus. The SDS was sometimes omitted without any 
obvious effect. 
Au,t oradi ography 
Radioactivity on the filters was detected by autoradiography. A 
variety of Xray films was used. Fuji film was most often used, but XH14 
and Blue Brand, Kodak, films were also used. Occasionally intensification 
of the image was achieved by backing the film with a fast tungstate 
intensification screen, and exposing a pre-fogged COD 0.1) film at -70 °C 
(Laskey and Mills, 1977). 
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Efficiency 
The efficiency of transfer of DNA to nitrocellulose followed by 
hybridisation and autoradiography, is different for different size classes 
of Mouse satellite DNA. The dependence of this efficiency on molecular 
weight was determined. The ratio (R) of radioactivity, hybridising 
to a given size class, to ethidiuxn bromide fluorescence of that size 
class was calculated from microdensitometry. 
R is calculated as the ratio of two peak areas, A and E. If the 
area under a peak of a tracing of an autoradiograph is A and the 
corresponding peak area from a photograph of ethidium bromide fluorescence 
is E, then P = A/E. A graph of log P plotted against size is shown 
(Fig. 2). Size is plotted as repeat number (N), that is monomer (240BP) 
is repeat number 1, dimer (480BP) is repeat number 2 etc. 
Linear regression analysis of this data showed a good fit to a 
straight line, r = -0.95, the equation of the line being log P - 0.92 - 
0.10N. Multiplying either A or S by a constant factor will change the 
intercept of this line, but not its slope. From this equation it is 
clear that high molecular weight fragments appear much fainter in an 
autoradiograph than is to be expected from their actual amount. 
This effect is probably due to reassociation of the satellite DNA fragments 
* 	log A  N . = 
let S1 	= 
log E1 	= 
log A1 	= 
a - 0. 1N 
10 
log E10 	= x 
(a + X) - 0.1 
(a + x) - I 
log A1 - log A10 
8 
log R Slope = -0.1 
05 
- -', 
1 	 5 	 10 	 15 	N 
Figure 2: 
Detection Efficiency of Satellite DNA Size Classes. 
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prior to contact with the cellulose nitrate filter, but many other minor 
effects may be involved. No satellite fragments smaller than 120BP 
were ever detected by this method; this size probably represents the 
lower limit of size classes which can be detected by this method. 
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RESULTS AND DISCUSSION 
The results are presented and discussed in three sections. The 
first section is a description of Mus musculus satellite. The second 
section is a description of this sequence in species related to Mus 
rnusculus. This second section is divided into sub-sections, each describing 
an individual species. The third section is an account of the variation 
of this satellite within Mus musculus. 
Section 1: Mus musculu.s satellite DNA 
Preamble 
In order to examine changes in the structure of Mus musculus satellite 
DNA it is necessary to have some method which will identify discrete 
components of the satellite DNA, and permit a structural analysis of these 
components. This structural analysis has two aspects, the measurement 
of sequence heterogeneity and the description of periodicity. Horz and 
Zachau (1977) have classified two types of restriction endonuclease which 
cleave mouse satellite DNA, these are called type A and type B enzymes 
(Fig. 3). The type A enzymes cleave the satellite leaving no high 
molecular weight DNA. Eco RII is the archetype of these enzymes (Southern, 
1975a). This pattern of digestion means that the restriction enzyme site 
is distributed throughout the satellite, although some repeat units may 
not possess a type A enzyme site. The second class of enzymes, the type B 
enzymes, are typified by Hae III (Southern, 1975a). These enzymes leave 
a substantial amount of high molecular weight DNA even in limit digests. 
This clearly means that the enzyme sites are absent from much of the 
satellite DNA. The use of type B enzymes permits the identification of 
discrete components of the satellite DNA. 
Secreening for type B enzymes 
It was with the intention of identifying type B enzymes that a 
3 
tg 3. 
Type A and type B patterns. 
\AvaII,BTaqI ,M=?RI/HindIII.(nuTnberS refer to monomer, dimer,etc) 
') EO/ 
L J /0 15 % Agar ose 
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screening procedure was begun. Total mouse DNA was digested with a 
variety, of enzymes, and the digestion products separated by agarose gel 
electrophoresis. Nitrocellulose replicas of these gels were made and 
hybridized with 32P labeled (Nick Translated) mouse satellite DNA. This 
procedure was.used both to ensure that digestion of the DNA had occurred 
and to conserve satellite DNA. The autoradiographs of these filters 
revealed whether or not the various enzymes cleaved Mus musculus satellite 
DNA. Several new type B enzymes were found and one new type A enzyme was 
found. 
A New Type A Enzyme 
The enzyme Avail was found to' be a type A enzyme. This permitted an 
independent check on the estimate of the sequence heterogeneity of Mus 
musculus satellite using the procedure of Slack (1974) and Southern (1975a). 
diçjest 
A Slack plot of a microdensitometer tracing of an AvaliXof Mouse Satellite 
DNA (Fig. ) gives an estimate of P, the proportion of repeat units lacking 
an Avail site. This in turn permits an estimate of the sequence heterogen-
eity per base pair (p) at the Avail site. This estimate is dependent on 
several important assumptions: 
All absent Avail sites are due to a single base difference. 
All possible differences exist. 
The measurement of peak area from the microdensitometer tracing is 
proportional to DNA amount (see Methods). 
It is important to note that these differences are not necessarily due to 
mutation. These differenôes are often called changes, but this assumes 
that the repeat units with and without an Avail site have a common ancestor. 
This assumption may well be true, but it is not needed to describe the 
sequence heterogeneity. 
Consider a restriction enzyme site of n base pairs; let p be the 
proportion of repeat units different at any one of the constituent base pairs. 
Log A,/N Slope -102443 
3 
Fig 4. 
Slack plot and densitometriC tracing of Avail digest.(Fig 3) 
i ) Microdensitometer tracing,nurnbers refer to fragme size 
in base pairs 
240 
ii) Slack plo.An is the peak area of the Nth peak where 
N is an integer, fmasize in base pairs divided by 240. 
r is the correlation coefficient. 
0 	1 	2 	3N-1 
-2k- 
If P is the proportion of repeat unitsiacking a site, then: 
p=i- 
(1_)n 
However in an Ava II site with a redundancy at one position (GGTCC) the 
equation becomes:- 
p = I 
- 
(1_)k (i-4p) 
Equation 1) may be used to estimate p as equation 2) is somewhat more 
cumbersome. Newton's approximation can be applied to equation 2) using 
the first estimate of p from 1), as foliws:- 
A linear regression analysis of the Slack plot gives: 
Slope 	= -1.02+4 = log P 
Intercept = -0.0644 = Zlog (i-P) 
r 	 = -0.9994 	(Correlation Coeffecient) 
This gives two estimates of P, thus:- 
0.0715 ~ P ~ 0.0945 
and therefore: 
0.0146 	p 	0.0196. 
The mean value of p is 0.0171 and the estimate of error is + 0.0025 
q.v. an error of + 0.002 in Southern (1975a) 
(This error defines the full range of values of p estimated above)' 
The mean value of P is 0.083. 
P = I - (Ip) 1' (14p) 	 (2) 
or 	0 = I 
- (1)1+ (1$p) - P = f(p) 
If a is an approximate root of this equation then a' is a better root where: 
f(a) 
a 	a_-pr) 
Where f(a) is the value of f(p) at p = a. 
In this case: 
f( p) 	
14/3P - P 
fl(p) - 1k,,3 - 5p 
Using p = 0.017 = a from above 
and P = 0.083 
We obtain: 
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a' = 0.017 - (-0.0008) = 0.018 
all = 0.018 - ( - 0.0002) = 0.018 
a' = all 
So the best estimate for the sequence heterogeneity per base pair of the 
Avail Site is 0.018, or 1.8% which is approximately half the value 
obtained for the EcoRil site obtained by Southern (1975a). 	(The estimate 
for EcoRil is unaltered by the above treatment, despite the internal 
redundancy of the EcoRil sits) There are several possible explanations 
for this differenc: 
Incompleteness of the.EcoRII digest. 
Exonuclease activity in the Avail digest. 
A genuine difference between the Avail and EcoRII sites. This dif-
ference could be a methylation difference. 
Partial digestion is an unlikely explanation because of the repetitive 
digestions of the satellite with EcoRil. 
There is no evidence for an appreciable amount of exonuclease activity 
in the Avail preparation. 
It seems most likely that some difference has been observed. This 
difference is not attributable to base composition as the sites for the two 
sequences are: 
Avail 	GGCC 	(S.G. Hughes pers. comm.) 
EcoRli 	CCGG (Yoshimori 1971 Quoted in Hughes 1975) 
From this it would therefore seem that the sequence heterogeneity of mouse 
satellite DNA is non-random. This implies that the process which creates 
this heterogeneity is unlikely to be mutation alone. If the difference is 
at the level of methylation or sensitivity of the enzyme to methyl groups, 
then it is relevant that EcoRli is sensitive to methylation of cytosine 
(Hughes 1975).  It is therefore possible that the sequence heterogeneity 
stated by Southern (1975a) to be 3% is an overestimate, but the possibility 
of non-random sequence heterogeneity remains; further evidence for this will 
be presented later. 
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A partial Avail digest was used to measure the periodicity of the 
satellite. The procedure used was to plot the reciprocal of mobility 
against size (E.M. Southern pers. comm.) (Fig 5). 	In this case size is 
the number of repeat units in a given size class (repeat number). As this 
plot gives a straight line the equation of the line is easily calculated, 
and is amenable to a linear regression analysis. If d is the mobility of 
a band and N is the repeat number, then: 
= 0.0431 + 0.0043N 
r = 0.9999 
From this equation the size of ñ XRI/HindIII digestion products was 
calculated in terms of repeat number. Knowing the size of these products 
in KB gives ten estimates of the periodicity of the satellite. This was 
determined as 244±6.8 (table 1). This combination 6f methods uses all the 
information available from the partial digestion pattern and is therefore 
an estimate of periodicity rather than repeat length. The errors in this 
estimate-would be expected to be low judging from the high value of the 
correlation coefficient r. Heterogeneity of repeat length would decrease 
r, thus the high value of r is in accord with the repeat length homogeneity 
suggested by Shmookler-Reis and Biro (1978). The large error reported 
probably stems from three sources: 	(1) the errors in determination of 
the size of the marker DNA; (2) anomolies in the migration of different 
size classes of the marker DNA possibly due to sequence dependant variation 
in separation; (3) differences between adjacent tracks in the gel. Any 
anomolies in the estimate of periodicity due to sequence effects in the 
satellite DNA would not lower the value of r as the error would be systematic. 
The length stated here for the periodicity of mouse satellite DNA, 
24L1±6.8BP, is in close agreement with that published by Southern (1975a), 
245±14BP using electron microscopy with an fd standard and Horz & ZachaU 
(1977), 6a245BP using electrophoresisis with an SV 1+0 standard, but at variance 
with that published by Maio etal (1977) as 235B*6 using electrophoresis with 
Fig 5. 
Reciprocal plot. 
The inverse of mobility is plotted against repeat number (N), 
















Sizes of X RI/Hindlil fragments in KB and calculated from the equation 
of the line in the reciprocal plot. 
FRAG KB ±.Ü. BP/r.u. 
A 21.8 ND - 
B 5.21+ 20.99 250 
C 5.05 20.58 .21+5 
D +.21 1 7.50 21+1 
E 3.1+1 .14.59 231+ 
F 1.98 8.29 239 
G 1.90 7.73 21+6 
H 1.57 6.53 21+0 
I 1.32 5.53 239 
J 0.93 3.71+ 21+9 
K 0.81+ 3.27 257 
L 0.58 ND - r--   21+1+ 	± 6.8 
(ARI/Hindlil Sizes were determined by B.A. Smith personal communication) 
MEN 
a standard of African green monkey satellite DNA. 
When referring to the periodicity or monomer size of mouse satellite 
DNA, the figure 21+0BP will often be used. This value is within all the 
quoted ranges and has the virtue of compromise. This figure is used with 
the assumption that it is referring to the overall range of values and is 
merely an approximate figure. For most purposes in this thesis the 
absolute value of this figure is of little importance. Multiples and 
fractions of this figure are important and when these multiples and fract-
ions are referred to in base pairs, again the figures used will be assumed 
to convey some degree of uncertainty. 
As well as this 240BP periodicity in mouse satellite minor 120 and 
60BP periodicities can be seen Southern (1975a) and (Fig. 3 & k). Horz & 
Zachau (1977)  have suggested a periodicity shorter than these '-30BP may 
also be found. This 30BP periodicity is not seen in any of the data 
presented here. 
A third type A enzyme has been described by Brown, Musich and Maio 
(1978). This enzyme CaeI has the peculiarity that it cuts mouse satellite 
DNA as though it were a 60BP repeating structure. 
The Type B Enzymes 
Many type B enzymes were found by screening mouse satellite as 
described, bringing the total known to twelve. They are listed in table 2. 
These sequences together with the type A enzyme sites represent a substantial 
proportion of the whole repeating structure, especially when it is remembered 
that there is a suggestion that the primary periodicity of mouse satellite 
DNA is 60BP and not 240BP (Southern 1975a; Horz & Zachau 1977 and Brown 
etal 1978) 
The two dimensional gel technique of Sato, Hutchinson and Harris (1977) 
permits an examination of the relatedness of different components of the Mus 
musculus satellite. The procedure produces a matrix of all possible cross 
hybridizations of restriction fragments. Using a type B enzyme (in this 
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TABLE 2 
TYPE B ENZYMES 
ENZYME RECOGNITION SITE INTERNAL SITE OF SUBSET OF 
Alul AGCT ilindill - 
BglII AGATCT - MboI 
EcoRI GAATTC - EcoRI* 
EcoRI* AATT EcoRI - 
HaeIII GGCC - - 
-HindII GTPyPuAC - Some Taq 
Hinf GANTC - - 
HpaII/MspI CCGG - - 
MboI GATC Barn & Bg1II - 
PstI CTGCAG - - 
BalI GTCGAC - TaqI 
TaqI TCGA HindII & Sal - 
COMMENTS:- 
HindlIl & BamHI do not appear, to cut mouse satellite DNA and therefore are 
very rare sites. 
Sal sites are very infrequent (-1%) 
These enzymes typically digest about 5% of thd satellite DNA, but TaqI cuts 
almost 10% of the satellite. 
WC 
case TaqI) all possible size classes of the digest can be crosshybridized 
and differént±ally melted. The hybrids were melted stepwise, and the 
p 0 	 p 0 autoradiographs after a 2 x SSC o5 C wash, a 0.IXSSC o5 C wash and a 
0.03XSSC 650C wash are shown (Fig. 6). Most melting occurred between the 
a 
last two washes. The melting appeared homoger3bus, that is hybrids between 
repeat number n and m appear as stable as hybrids between n and n (m can be 
any multiple of 0.5). This behaviour is suggestive of the different bands 
in the Mus musculus satellite ladder evolving together, and is quite 
different from the behaviour of the human satellite III (Mitchell, Beauchamp 
and Bostock in press), where the homologus hybrids are more stable than the 
heterologous hybrids. A plausable explanation for this behavious is that 
the given type B enzyme sites cut large distinct blocks on one or a few 
chromosomes. Stephen Brown (pers. comm.) has found that in mouse/hamster 
hybrid cell lines, containing only the X chromosome from mouse, all the 
mouse satellite DNA is susceptible to TaqI, but not to Alu Hinf or EcoRI. 
The distribution of type B enzyme sites can be examined in the same 
manner as type A enzyme sites. A Slack plot should give a straight line 
if the sites are randomly distributed within the digestible portion of the 
satellite. The high molecular weight DNA is ignored for the purposes of 
this treatment. In consequence it is difficult to obtain a proper estimate 
of the total amount of DNA digested by a given enzyme. This affects the 
intercept: of the Slack plot but not its slope. P can therefore be calculated 
for the type B enzymes. 
A linear regression analysis was carried out on four independent TaqI 
digests of mouse satellite DNA, separated on three different gel concentrations. 
From these data (Table 3) an estimate of P was obtained, from which Pt  could 
be calculated using equation (1), where n = k. TaqI recognizes the sequence 






4 	1 I 
PAI 
Fi 6. 
2D Hutchinson Gel: see Sato,Hutchinson & Harris (1977) 
"Cold dimension".This comprises a wide (18r'm) clot 1.5% a-rr1. 
gel of a Taq I digest of total mouse (i/c) DNA transerrd to 
cellulose nitrate poer as in Southern (1975b), 
"Hot dimension",This again is a wide slot 1.5916' aprose gel,but 
in this case a Taq I digest of BALB/c satellite DrA,Nick Trnslated 
as in Maniatis et al (1975),but with the omission DNAase treatment, 
was the electrophoresed DNA. 
This gel (the hot dimension) was denatured in 0.2M NaOH,0.6M NaC1 
for one hour,and then neutralised in iN Tris pH 7.5,1.5M NaCl, 
for one hour.Su.fficient liquid to cover the gel was used, 
The DNA in this gel was then transferred onto the filter paper 
from (1).The filter was rotated through 900  with respect to it 
original orientation,that is,where the top of the gel from the 
"cold dimension" was in contact with the filter,was now in contact 
with one side of the gel from the "hot dimension",The conditions 
of transfer were as to facilitate DNA/DNA hybridization.The apparatus w' 
as in a "cold dirnension",but that 20xSSC was replaced by LXSSC, 
0.1%SDS,and that all had been prewarrned to 65 0C,the temperature of 
tranfer,The -el and cellulose nitrate were not prewarmed, 
After this transfer the filter was immediately washed in three 
changes of 3mM Tris base at room temperature,The filter was 
autoradiographed wet (while in contact with several sheets of 
Whatmann 3mm paper soaked in 2xSSC)J'urther washes were as indicated 
for plates 1,2 & 3 overleaf, 
Hybridization has occurred as a crid of lines rather than a matrix of 
spots,robably due to DN degredation during the 'Ni&c Trs.nslation'. 
The "cold dinensin" ms left tr, right in the pate,th' "'ot diensior" 




-1utchiri;on gel contd. 
Plate 1: post 2x SSC wash,64 hrs exposure. 
Plate 2: post 0.1 x SSC wash 16 hrs exposure. 
Plate 3: post 0.03x SSC wash 108 hrs exposure and print 
over exposed xlO w.r.t. plates 1&2. 
All washes at 650C 
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TABLE 3 











r -0.98 -0.99 -0.96 -0.97 
PT  from b 
0.82 0.68 0.66 0.68 
The mean and standard deviation of PT  are: 
= 0.71 ± 0.06 
a is the intercept 
b is the slope 
r is the correlation coeffecient. 
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0.70 
PT = 0. 26 
An analysis of HaeIII and PstI digests gave similar results:- 
P H = 0.84 	 P = 0.84 p 
PH = 0.37 	 pp = 0.27 
r = -0.97 	 r = -0.97 
The sequence heterogeneity per base pair (p) for the type B enzymes 
is about 20-30%,.. whereas for the type A enzymes it is about 2- 
This is further evidence for non-randomness in the sequence heterogeneity 
of the satellite DNA. 
That the type 5enzyme fragments fall on a straight line in a Slack 
plot is suggestive of their existence in a small number of random arrays. 
The theory of runs states that if we have an array of n objects of two types 
(a & b) then the expectation (E) of the number of-runs (r) of type a, of 
length N, is given by the equation: 
3.) Er 	
= N b 
	(X_N_1)pb + 2) (Mood 
1940) 
is the frequency of a and p is the frequency of b. X is the total 
number of both a and b. Where X1 or N, it can be seen that eq. (3) 
reduces to: 
k,) Er 	= XpNp 	in agreement with Slack (1974). The differenceaN 
between equation (3) and equation (k) is small and a typical comparison 
is shown in Fig (7). Er is called P and plotted as log P. The valueaN 
of P was taken to be within the range of values expected for a type B 
enzyme, X was taken as 100. For X = 10 the difference between the 
solutions to eq. (3) and eq. (k) is more marked but still quite small. 
Substantial numbers of type B enzyme fragments of length about 5KB 
(See. A-,2aL1) 
(Ca 20 repeat units - r.u.) exist%. This suggests that either the linear 
arrays of these sites must be very long (ca 105r.u.) or if the arrays are 
short then many have very few sites. 
Fig 7. 
Slack plot compared to the distribution described by 
the theory of runs (Mood 1940) 
s = Slack plot 
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Horz and Zacha (1977) have shown that different type B enzyme 
susceptible regions are not interspersed. There is less than 10% over-
lap, which suggests these arrays must be at least 200 r.u. long. After 
digestion with a type B enzyme the remaining satellite DNA which is not 
cleaved remains high molecular weight and runs essentially with undigested 
material (Fig. 8), again suggesting long arrays of repeat units. 
CONCLUDING COMMENTS 
These lines of evidence suggest that repeat units carrying a type B 
enzyme site are distributed at random in their suscept3ble blocks of 
satellite DNA. This structure is consistent with either the unequal 
crossing-over model of Smith (1973, 1976) and Southern (1975a), or with 
the saltatory model of Britten and Kohne (1968). The latter model would 
however require the provision that mutations occur in a very non-random 
manner. 
The sequence heterogeneity of mouse satellite DNA as measured from 
Avail and EcoPil sites is 2 - 356, corresponding to 1+ - 6% mismatch in 
reassociated heteroduplexes. The LT   of reassociated mouse satellite 
DNA is about 5°C (Sutton & McCallum 1971 Southern 1975a). It can there-
fore be said that for mouse satellite DNA 1°C AT   corresponds roughly to 
1% mismatch, which is in accord with the accepted values for random mis-
match (Laird, McConnaughy and McCarthy 1969; and McCarthy and Farquhar 
1972). This agreement is reassuring; however the type B enzyme sites 
have a tenfold greater sequence heterogeneity than the type A enzyme sites. 
The discrepancy between the type B enzyme site heterogeneity and AT  
could be due to the fact that this heterogeneity is ordered, and the 
correspondance between AT   and mismatch may only hold for random or near 
Fig 8. 
Satellite DNA uncleaved by a type B enzyme. 
I Undigested mouse DNA. 
2 Lambda RI/Hindlil digest,21.8 & 25.2 KB fragments arrowed. 
3 Mouse DNA digested with HaeIII.The arrowed high molecular 
weight DNA is in the position of undigested satellite DNA. 
l%Agarose 
1 	2 	3 
_3Lf_ 
random heterogeneity. Consequently it can be argued that mouse satellite 
DNA is made up of at least two sorts of sequence, one with 2 - 356 heterogen-
eity and one with 20 - 30P/0 heterogeneity. The type A enzyme sites are a 
sample from the former and the type B enzyme sites are a sample from the 
latter. If the more heterogenous sequences are short, they may have little 
effect on AT 
This complex organization of sequence heterogeneity may be a consequence 
of a complex evolutionary history. Species comparisons may help to 
determine the events which have occurred in the history of the sequence. 
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SECTION 2: SPECIES COMPARISONS 
In this section the periodicity structure of sequences related to Mus 
musculus satellite, found in a variety of rodent species is described. The 
species examined were Rattus norvegicus, Apodemus sylvaticus, Mus caroli, 
Mus famulus, Mus musculus molossinus and Mus poschiavinus. All of these 
species, except M.m molossinus are mentioned in the species comparisons of 
Sutton and McCallum (1972), where satellite density and cross-reassociation 
behaviour with M. musculus satellite DNA are discussed. Further information 
about some of these species and M.m. rnolossinus can beund in the work of 
Rice and Straus (1973). Both Sutton and McCallum (1972) and Rice and Straus 
(1973) were only able to examine bulk properties of satellite DNA. The 
method of Southern (1975h) permits an extension to these studies so that 
both periodicity differences and differences between various components of 
these DNAs may be examined. 
A phylogenetic tree can be constructed for these species and is shown 
in figure 9. The data on which this figure is based can be found in Romer 
(1966), Rice (1972) and Sutton and McCallum (1972).&Rice & Straus (1973) 
All the species mentioned, and to be discussed, showed hybridization 
of Mus musculus satellite DNA to discrete components of their DNA. It was 
noted however that both the guinea pig (Cavia porcellus) and rabbit 
(Oryctolagus unicu1us) DNA did not behave in the same manner. Some cross 
hybridization of mouse satellite to these two DNAs was detected, but this 
appeared to be a rather generalized phenomenon. No discrete bands of 
hybridization were seen in either EcoPli or TaqI digests of these DNAs. 
That is no specific size classes, after digestion, showed any preferential 












Data taken from Romer (1966),Arrighi and Saunders (1972), 
Sutton and M0 Callum (1972) and Rice and Straus (1973) 	( 
.1. .- 	 1070 
/ 
See fig 29 & Appendix A 
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conditions used which would tolerate a large amount of mismatch in hybrid 
duplexes. This was not investigated further. 
2:1 A NOTE ON RATTUS NORVEGICUS 
A repeated sequence in rat DNA digested with TaqI was found to 
hybridize with Mus musculus satellite DNA under conditions of low stringency 
(Fig. 10). The hybridization conditions used were 3XSSC kXDenhart 50°C 
overnight, followed by a 2XSSC 0.15KoSDS 50°C wash for about five hours. 
This hybridization was not found at the elevated temperature of 65°C. This 
observation contradicts the suggestion by Sutton and McCallum (1972) that no 
cross hybridization is to be found between Mus musculus satellite DNA and 
rat DNA. The discrepancy is probably due to the lower stringency of the 
conditions used here. The procedure used here is also a more sensitive way 
of detecting cross homologies between specific sequences than is hybridization 
to total unfractionated DNA. 
2:2 A NOTE ON APODEMUS SYLVATICUS 
Apodemus sylvaticus, unlike the rat, has a light satellite DNA. This 
satellite shows a 370BP periodicity (Cooke 1975), which, like Mus musculus 
satellite DNA, shows shorter periodicities. These shorter, or 'internal' 
periodicities are 180 and 75BP long (Brown and Dover 1979). This internal 
structure may account for the two phase melting profile of reassociated 
Hindill monomer reported by Cooke (1975). 
It is noted here that under conditions of low stringency (3XSSC k)Denhart 
500C followed by 2XSSC 0.1% SDS 500C wash) a repetitive sequence in Apodemus 
sylvaticus DNA, reassociates with Mus musculus satellite DNA. In a TaqI 
digest, bands of hybridizing DNA were found to have a periodicity of 370BP -A-
101 6  suggesting cross reassociation between Mus musculus and Apodemus syl.vaticus 
satellites. 	(Fig. ii) Bands corresponding to some of the minor fragments of 
an A. sylvaticus satellite TaqI digest could also be seen. 
Fig 10. 
Mouse and rat TaqI digests hybridized with 32 labeled 
mouse satellite DNA,under conditions of low stringency 
(see text).Sizes of bands in the rat DNA are given in 
base pairs and mouse satellite repeat units. 
Taqi digests 
mouse & rat 




Mouse and Apodemus TaqI digests,hybridized with 
32  labeled 
mouse satellite DNA (see text).Sizes of bands in the 




This observation is also at variance with the report of Sutton and 
McCallum (1972) that Mus musculus satellite does not cross reassociate 
with Apodernus sylvaticus satellite DNA. Again this discrepancy is 
probably due to the difference between hybridization in 0.1214 phospate 
buffer at 50°C and hybridization in 3XSSC at 50°C. It is possible that 
this reassociation is not of any evolutionary significance, but rather is 
due to chance homologies between two (A,T) rich sequences. This point 
will be raised again in the discussion when an overall view of the data 
presented here may be taken. 
2:3 MtJS CAROLI 
Preamble 
Mus caroli is a native of South East Asia, having a wide range from 
Java through Thailand to Vietnam. This mouse is usually found in rice 
fields and grass (Marshall 1977). The karyotype of Mus caroli is very 
similar to that of Mus musculus. These two species have the same 
chromosome number, and in both species all the chromosomes are telocentric. 
The centromeres of Mus caroli chromosomes lack the Hoescht 33258 straining 
characteristics of Mus musculus centromeres (Hsu, Markvong and Marshall 1978). K 
Mus caroli has been shown to possss three satellite DNAs (p= 1.695, 1.6971 
1.693 gin cm-3 ). The lightest and heaviest of these are separable into two 
components in Ag /Cs 2SO,+ gradients. All of these satellite DNAs reassociate 
with Mus musculus satellite DNA giving about 25% mismatch in the reassociated 
heteroduplexes (Sutton & McCallum 1972). 
Mus musculus and Mus caroli have been shown to be cross fertile by 
artificial insemination (West, Frels, Papaionnou Karr and Chapman 1977; 
and West, Frels and Chapman 1978), but hybrids had poor viability and were 
sterile. No adult male hybrids were found and in the adult females no 
oocytes were found on histological examination. It is therefore unclear 
whether the hybrid gnome is capable of meiosis, and if it is incapable 
of meiosis, for what reason. 	It is not possible to decide, on the 
evidence available, whether this hybrid sterility is in any way related 
to satellite DNA changes. 
EXAMINATION OF DIGEST PATTERNS 
When hybridized with Nick Translated BALB/c sa bellite DNA at 65°C 
in 3XSSC kXDenhart, EcoRII and TaqI digests showed a very different pattern 
of hybridization in MUS caroli from that in Mus musculus (Figs. 12 & 13). 
It would appear from these digest patterns that there is a sequence in 
Mus caroli DNA which is reduced to a simple set of size classes upon 
digestion with these enzymes. Under less stringent hybridization conditions 
(3XSSC kXDenhart 500C) a more complex pattern of hybridization is seen in 
TaqI digests (Fig. 14). This pattern suggests a 60BP repeat with some 
higher order structure. A similar pattern can be seen in Alul and PstI 
digests (Fig. 15). The enzymes BamHI and Hindill which do not appear to 
digest Mus musculus satellite, digested sequences in MUs caroli DNA which 
show a marked periodicity. The BamEl digest pattern is similar to that of 
Alul, PstI and TaqI, but the Hindlil digest pattern is different. The 
Hindlil digest pattern showed a periodicity based on 180BP, but only 
repeat numbers 1, 3, 5, 7, 11, 13, 15 and 17 could be found (tracings are 
shown in Fig. 16). 
A TaqI digest of Mus caroli DNA was separated on a wide slot 1.5% 
agarose gel, transferred to nitrocellulose paper and hybridized with Nick 
Translated BALE/c satellite DNA in 3XSSC 1+XDenhart at 500C, as before, but 
the filter was then cut into strips and washed in 2XSSC at increasing 
temperatures prior to autoradiography (Fig. 17). This procedure showed 
the relationship between the simple and complex patterns already shown. 
The sequences corresponding to the complex pattern melted about 65 - 70°C 
0 
in 2XSSC while those in the simple pattern melted about 80 C. 
Fig 12. 
Mus musculus and M.caroli Eco RIIdigests hybridized with 32 
M,rnusculus satellite in 3xSSC 4xDenhart 65 0C,ashed in 
2xSSC O.1%DS 65 °C 
1 & 3 Mus caroli female and male. 
2 & 4 Mus musculus female and male . 	 Sett- 'o 
JI- ??H44 ifi AOe. (7 
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Mus rnusculus and M.caroli TaqI digests hybridized with 
32P labeled M.musculus sat Ilite in 3xSSC 4xDenhart at 
65 0C,washed in 2xSSC 0.17.SDS at 65 0C. 
1 & 3 Mus caroli male and female. 
2 & 4 Mus musculus male and female. 
Bands in M.caroli DNA are arrowed. 
e di 	lir.:: in trnck 1 
due to DNA from track 2 
I " 
I achinT out of the gel onto 
It 'per surface just prior 
to contact with cellulose 
nitrate paper during the 
settinc' ip of t:e trmsfer, 
'Thon the cellulose nitrate 
paper was laid onto the gel 
surface liquid was able to 
flow across the gel surface, 
thus sweeping out a trail of 
2 	 leached—out DNA. 
Fig 14. 
Mus caroli DNA TaqI digests hybridized with 32P labeled 
M.musculus satellite DNA in 3xSSC 4xDenhart at 50 0C, 
washed in 2xSSC 0.1SDS at 50 0C.The position of the 
240,480020 B? fragments are arrowed. 
- 
j;jg 13. 
Alul and PiI diests ol us inusculus and N.carolt LN 
hybridized with 32P labeled M.musculus satellite D1\ 
3xSSC 4xDDenhart at 50 0C,washed in 2xSSC 0.17.SDS at 50 0C. 
I & 3 Male and female M.musculus DNA,AluI digested. 
2 & 4 Male and female M.caroli DNA,AluI digested. 
5 & 7 Male and female M.musculus DNA,PstI digested. 
6 & 8 Male and female M.caroli DNA,PstI digested. 
1 2 3 4 5 6 	7 
I* 
Fig 16. 
Tracings of Hind III and Barn HI digests of M.caroli DNA 
hybridized with 32P labeled M.musculus satellite in 
3xSSC 4xDenhart at 50 0C,washed in 2xSSC 0.17.SDS at 50 0C. 
1 M.caroli Barn HI digest. 
2 M.musculus HindII digest (smallest peak is 240 B?) 
3 M.caroli Hind III digest. 
See text I oi sizes of Hind'III digest fragments. 
• bottom 	 top (of gel) 
1 	3 	57 	111315 
	
(X1OBP) 
Fig 17. 	 - 
Hybridization conditions were 3xSSC,4xDerthart overnight at 50 0C 
q.v. figs 14-16.After hybridization the filter was cut into strips 
(approx. 2cmx20cni)while immersed in 2xS3C at room temperature,The 
cut strips were then removed to a beaker containing 41 2xSSC at 55°C 
(one strip was placed between two sheets of filter paper to dry.). 
The beaker was heated by a bunsen. burner while the contents was 
stirred with a pipette.Strips were removed as the temperature was 
raised,Approxiinately ten minutes passed between the withdraw], of 
the strips.The strips were dried between two sheets of filter 
paper before autiradiography. 
17. 
:rip wash of M.caroli TaqI digest (see text). 
Bands at 720 and 1320 BP are marked 
22 
	









The data regarding periodicities and hybridization conditions with 
various enzymes are summarized in Table k. 
COMMENTS 
The DNA in the Mus caroli genome which hybridizes with Mus musculus 
satellite DNA, presents a complex organization. This is perhaps not remark-
able in view of the fact that there are three satellite DNAs in Mus caroli 
all of which are related to Mus musculus satellite DNA (Sutton and McCallum 
1972). The primary periodicity of these satellites appears to be 60BP, 
though many enzymes show a higher: order structure. Higher order structures 
are not peculiar to Mus caroli and can be found in Mus musculus satellite 
DNA in the form of 120 and 21+0BP repeating sequences. The marked higher 
order structures found in the EcoRII and TaqI digests after hybridization 
at 65°C are similar in form to the structure seen in rat DNA (Section 2:1). 
Of particular note is the Hindlil digest pattern. This shows a 180BP 
repeating sequence with a superimposed higher order structure such that bands 
are not seen at even multiples of I80BP. This pattern may be a consequence 
of chromosome specific location of individual size classes much as in the 
case of human satellite III (Beauchamp etal 1979), but this suggestion does 
not explain the paucity of even multiples of 180BP which might be expected 
to be found if each size class had followed an independent evolutionary 
history. This curious structure cannot have arisen by simply acquiring 
a higher order periodicity, as has been proposed for mouse satellite DNA 
(Southern 1975a), because the higher order structure is not periodic. That 
is the members of the higher order structure are not multiples of the common 
difference of the series. 
The Hindlil I80BP periodicity is of interest in itself in that no other 
180BP periodicity has yet been identified in the genus Mus. It has been 
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A higher order structure 
With superimposed higher order structure 
Only odd repeat numbers found but no. 9 missing 
-ki- 
periodicities in Mus musculus satellite arose from an earlier 60BP 
periodicity in two consequitive steps. If the 60BP repeat unit is 
represented as a, and a related but different 60BP repeat unit as at, 
then if a' can arise from a it can be seen that the sequence aaaa 
can change to aa'aa and then to aa'aa' creating a new (I20BP) repeating 
sequence (aa'). A 240BP repeating sequence can be generated from a 
I20BP sequence in a similar manner. This type of process can generate 
a I80BP repeating sequence starting from a 60BP repeat unit: 
aaaaaa 	aaa'aaa & aaa'aaa' 
The first a' can be envisaged as arising by mutation from a, and 
subsequent a' sequences can be generated either by further mutation, 
unequal recombiñation, or by some other amplification process such as 
through an extrachromosomal circle of DNA. Circle formation in DNA as 
small as 180BP may present conformational difficulties. 
This 180BP sequence may have arisen by the same process which led 
to the formation of a I80BP and subsequently 360BP periodicity in the 
genus Apodemus. 
In Mus caroli three related periodicities have been identified: 
6OBP, 120BP and 18OBP. The other structures described here represent 
grouping of sites around particular spacings in these periodicities. 
2:4 MIJS FAMUIUS 
Preamble 
Mus famulus is a native of South Indian highland evergreen forests. 
This species has two distinct satellite DNAs (p= 1.695, 1.693 gin cm-3 ) 
which cross reassociate with Mus rnusculus satellite DNA, with a AT  
of about 25°C in 0.12N Phospate buffer pH6.8 (Sutton & McCallum 1972). 
This AT   corresponds to about 25% mismatch in the reassociated 
heeroduplexes. The periodicity structure of these sequences, is 
-k2- 
described in this section. The method employed was hybridization of 
Nick Translated Mus musculus (BALB/c) satellite to nitrocellulose 
replicas of agarose gels of digests of total Mus musculus and Mus 
famulus DNAs. The hybridization conditions used were 3XSSC 1+X.Denhart 
65°C overnight followed by a wash in 2XSSC 0.1%SDS 65°C. 
DIGESTION PATTERNS 
The hybridization patterns of Mus musculus satellite DNA on nitrocellulose 
filter replicas of agarose gels were used to compare the DNAs of Mus 
musculus and Mus famulus. Digests of these DNAs with the enzymes Avail, 
EcoRil, Alul, TaqI, EcoRI, Hindu, MboI & PstI were examined (Figs. 18 & 19). 
Mus musculus satellite DNA hybridized in 3XSSC 1+XDenhart 65°C was completely 
washed off Mus famulus DNA in O.1XSSC at 65°C (Fig. 20). 
The autoradiographs (Figs. 18 & 19) show that the Mus famulus DNA which 
hybridizes with Mus musculus satellite DNA has a predominant 60BP periodicity 
with a suggestion of a superimposed 240BP periodicity. This superimposed 240BP. 
periodicity was abolished when the hybridization and wash temperatures were 
reduced to 50°C (Fig. 21). This behaviour is possibly due to an increase 
in the amount of hybridization tothe 60BP repeating pattern, relative to 
that in the 240BP repeat, which is tolerated by the reduced stringency of the 
reaction. 
Table 5 summarizes the periodicity data which can be found in Figs. 
(18 - 21). 





Mus musculus and Mus famulus DNA digests,hybridized with 
nick translated M.musculus satellite in 3xSSC 4xDenhart 
at 650C,washed in 2xSSC 0.17.SDS at 65°C. 
1 M.fanulus Eco RI digest. 2 M.musculus Eco RI digest. 
3 M.famulus TaqI digest. 	4 M.musculus TaqI digest. 
5 M.farnulus Avail digest. 	6 M.musculus Avail digest. 
7 M.famulus Eco RII digest. 8 M.musculus Eco RII digest. 
5,6,7&8 are partial digests 





Mus musculus and M.famulus DNA digests hybridized with 32P 
labeled M.rnusculus satellite DNA in 3xSSC 4xDenhart at 
65 0C,washed in 2xSSC 0.17.SDS at 65°C. 
2.Mus musculus / Alul 	; 4.Mus famulus / Alul 
5.Mus musculus /Hind II; 7.Mus famulus /Hind II 
8.Mus musculus / Mbo I ;10.Mus famulus / Mbo I 
IlMus musculus / Pst I ;113.Mus famulus / Pst I 
In some of the Mu2 fa1us DNA digest tracks (eg. 7&13) a 
number of bands appear to be of pronounced intensity,which 
is probably due to some form of higher order structure in 
.
t rizin: ip. 
Fig 20. 
Stringent wash of Mus famulus DNA digest. 
Filter hybridized with nick translated BALB/c satellite 
in 3xSSC 4xDenhart at 65 0C and then washed in 0.1xSSC at 
65°C. 
Eth.Br. fluorescence photograph. 
Autoradiograph of washed filter. 
Lambda RI/Hind III digest. 
Mus musculus Taq I digest. 







Mus musculus and Mus famulus DNA digests hybridized 
under conditions of low stringency (3xSSC 4xDenhart 
at 50 0C),and washed in 2xSSC 0.1'/0SDS at 50 0C. 
1 Mus famulus DNA / Eco RII digest. 
2 Mus musculus DNA / Eco RII digest. 
3 Mus famulus DNA / Taq I digest. 
4 Mus rnusculus DNA / Taq I digest. 
960 BP 
720 L2 46 40 
_i3_ 
TABLE 5. 









Alul 60 - - 
Avail 21+0/60 - - 
Hindu 21+0* - - 
MboI 60 - - 
PstI 60 - - 
RI 21+0/120 - - 
RII 21+0/60 - 60 
TaqI 21+0/60 NH 60 
KIM 
- 	Not Done 
Nil 	No Hybridization 
Very faint 
D 	Denhart's Solution 
Periodicities are given in base pairs. 
_LfLf_ 
COMMENTS 
The two satellites of Mus famulus are closely related in sequence and 
periodicity. No evidence has been obtained to correlate the two periodicity 
types (60BP & 21+0BP) with the two satellites, but the speculation is tempting. 
It would seem reasonable to speculate that the Mus faniulus and Mus musculus 
satellites had a common ancestor, which was a satellite probably with a 60BP 
periodicity. The relic of this 60B2 periodicity is most clearly revealed in 
Mus musculus by the endonuclease CaeI (Brown etal 1978) and is obvious in most 
of the Mus fainulus digests shown here. This view of the evolution of Mus 
musculus satellite has already been expounded by Southern (1975a). It must 
however be said that a 60BP repeating structure could arise from a I20BP 
repeating structure by a fortuitous series of mutations in one portion of the 
120BP sequence. This process, which is the reverse of that usually thought 
to occur in satelliteDNAs, is rather more difficult to imagine than the 
lengthening of periodicity by a process of mutation (see section 2:3). In a 
mixed population of repeat lengths either a long or short periodicity could 
become fixed by the interplay of random processes. 
Although the Mus famulus satellites have a different periodicity from 
Mus musculus satellite, they have retained many of the type B enzyme sites 
(Blocks). The relative proportions of these succeptable regions has changed 
from that in Mus musculus (Fig. 19). If the type B enzyme sites are located 
on specific chromosomes these data would suggest that this specific chromosomal 
localization antedates both the Mus musculus/Mus famulus bifurcation, and the 
establishment of a given predominant periodicity. 
2:5 MUS MUSCULUS MOLOSSINUS 
PREAMBLE 
This mouse is a native of Japan. The karyotype of M.m.molossinus is 
very similar to Mus musculus, but the C-banding pattern is quite irregular 
(Dev, Miller and Miller 1973). Furthermore this mouse, while having a 
satellite DNA very similar to Mus musculus, has about 40% less satellite DNA 
than Mus musculus (Rice and Straus 1973). It was therefore of interest to 
examine the type B enzyme digestion patterns in this species because they may 
show variation in amount similar to the C-band variation. 
Digestion Patterns 
The enzymes Alul, Hindu, Pst, and TaqI as well as Avail were examined, 
by the procedure of Hybridization of Nick Translated BALB/c satellite DNA to 
Southern blots of total DNA digests. The hybridization conditions used were 
3XSSC 1+XDenhart 650C (16 hrs.) and the wash conditions were 0.1XSSC0.1% SDS 65°C 
(i hrs.). An autoradiograph of this species comparison is shown in Fig. 22. 
COMMENT 
It can be seen from figure 22. that there is little difference between 
the satellite DNAs of these two species. it is possible that there is a 
slight increase in the amount of Alul susceptible material with respect to 
TaqI in M.m. molossinus. The difference is not very marked and is difficult 
to quantify. The main point to consider therefore is the similarity between 
the satellite DNAs of M. m. molossinus and Mus musculus. 
[See Appendix.] 
2:6 MtJS POSCHIAVINUS 
PREAMBLE 
Mus poschiavinus, a feral Swiss mouse, is commonly called the Tobacco 
Mouse. Its status as a distinct species is in some doubt (Gropp, Winking, 
Zech & Miller 1972 and Capanna, Gropp, Winking, Noack and Civitelli 1976). 
As a consequence of the extensive Robertsonian fusions in the Mus Poschiavinus 
karyotype, the Tobacco Mouse is, to some extent, reproductively isolated from 
1 ir, 22 
Mus rnusculus and Mus musculus molossinus DNA digests, 
hybridized with nick translated M.musculus satellite 
in 3xSSC 4xDenhart at 65 0C,washed in O.IxSSC 0.17.SDS 
at 65°C 
1 M.m.molossinus Alu I 2 M..rnusculus Alu I 
3 M.m.molossinus Pst I 4 M.musculus Pst I 
5 M.m.rnolossinus Hind II 6 M.niusculus Hind II 
7 M.m.molossinus Taq I 8 M.musculus Taq I 
9 M.m.molossinus Ava II 10 M1musculus Ava II 
3&4 were subject to exonuclease activity. 
9&10 are partial digests. 
1 	2 3 4 
ii' 
5 	: 	7 8 9 10 
214-0 EP 
-k6- 
sympatric Mus musculus. There are seven fused chromosomes in Mus poschiavinus, 
five autosomes and the sex chromosomes are unaffected, thus 2n = 26. As so 
many chromosomes have been involved in the fusion events it might be expected 
that some loss of satellite DNA could be detected, if the. fusions involved 
reciprocal exchanges in the region of the centromere. A loss of satellite DNA 
is not detectable in CsCl gradients of total Mus poschiavinus DNA (Comings and 
Avelino 1972). Examination of type B enzyme patterns would be expected to be 
more sensitive to small changes in amount, particularly if blocks of satellite 
are involved. 
Hybrid duplexes between Mus musculus satellite and Mus poschiavinus do 
not differ in thermal stability from reassociated Mus musculus satellite DNA 
(Sutton & McCallum 1972), suggesting a close affinity between the two species, 
as is supported by the limited data of Arrighi and Saunders (1972). 
TYPE B ENZYME PATTERNS 
The digestion patterns of Mus musculus and Mus poschiavinus when probed 
with Nick Translated Mus musculus satellite were compared using the enzymes 
Alul, Hindu, Hinf, MboI, PstI and TaqI (Figs. 27. and 214). The enzymes Avail 
and EcoRil showed no difference in amount or pattern of digestion between the 
two species (Data not shown).. In the type B enzyme comparisons no clear 
difference could be seen between the mice, but some small changes in amount 
of type B enzyme susceptible material may have been masked by intrinsic errors 
in the technique used. A discussion of these errors can be found in section 
3:1 
COMMENTS 
From the examination of the sequences present in Mus poschiavinus 
satellite DNA it is clear that very little change has occurred between Mus 
musculus and Mus poschiavinus. This comparison was made with DNA derived 









Mus musculus and Mus poschiavinus comparison. 
DNA digests hybridized with nick tran slated BALB/c 
satellite DNA in 3xSSC 4xDenhart at 650C,washed in 
2 xSSC 0.1SDS at 65 0C. 
2 M.musculus/Alu I 	; 3 M.poschiavinus/Alu I 
5 M.musculus/Hind II ; 6 M.poschiavinus/Hind II 
8 M.musculus/Mbo I 	; 9 M,poschiavinus/Mbo I 
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and DNA from one inbred laboratory mouse line (BALB/c). If both Mus 
poschiavinus and Mus musculus are polymorphic for satellite DNA amount 
in different type B enzyme susceptible regions then it is quite possible 
that some small difference between the population means does exist, but 
was not detected. 
The Mus musculus population from which Mus poschiavinus is derived 
may have been quite different in its satellite DNA organization from that 
of BALB/c. Both Mus musculus and Mus poschiavinus may then have undergone 
similar changes since their divergence. Speculations of this type are 
futile and lacking in substance. What is clearly required is an account 
of the within species variation of this satellite DNA. The next section 
is an attempt to characterize satellite DNA variation within Mus musculus. 
so 
SECTION 3: VARIATION OF SATELLITE DNA WITHIN 
MUS MUSCULUS 
In this section variation between inbred laboratory mouse lines is 
described and the variation of the satellite DNA in tissue culture cells 
is described. Each of these descriptions is discussed in a separate sub-
section. 
3:1 VARIATION BETWEEN INBRED MOUSE LINES 
It is well established that there is a close connection between the 
centric heterochromatin of mouse and its satellite DNA (Jones 1970; Pardue 
and Gall 1970; 	• 	Eckhardt 1972; and Miller 1975). It has been noted 
that inbred laboratory mice show some C-banding differences, which have been 
attributed to a polymorphism in wild Mus rnusculus (Dev etal 1 973; and Jonasson, 
Alves and Strom 1979). If the idea of specific chromosomal location of given 
type B enzyme sites is feasible, then strains showing diminished amounts of 
centric heterochromatin might be expected to show concomitantly diminished 
amounts of satellite DNA in one, or a few, typeB enzyme succeptable blocks. 
Following this line of reasoning, the type B enzyme patterns of AKR and DBA-2 
were compared to those of C57 BL/6J. AKR shows diminished centric herochrom-
attn on chromosomes 3 and 1 1+, while DBA-2 shows diminished centric hderochrom-
ati-n on chromosome 14, as compared to C57BL/6J (Dev etal 1973) and Jonasson etal 
(1979) it is possible to estimate that about one chromosome in ten, on average, 
is found to show a C-band polymorphism.. That is in a sample of ION chromosomes 
it would be expected that N C-band variants could be found. 
TYPE B ENZYME PATTERNS 
The laboratory mouse strains AKR, C57EL/6J and DBA-2 were examined using 
ten different type B enzymes. From this screening of thirty type B enzyme 
_Lf9_ 
blocks, only two possible differences could be found. A comparison 
between AKR and C57BL/6J digested with Msp is shown in figure 25. From 
the ethidiurn bromide fluorescence picture of total DNA it seems that the 
AKR track is slightly underloaded with respect to C57/BL/6J; however 
from the autoriadiograph it would appear that slightly more satellite DNA 
is hybridized co the AKR track than to the C57BL/6J track. An independent 
result suggests that this is not merely an artifact of transfer. A 
similar comparison between DBA-2 and C57BL/6J digested with HpaI is shown 
in Fig. 26. The relevant microdensitometry for both these comparisons is 
shown in Fig. 27.  In all cases the hybridization conditions were 3XSSC4X 
Denhart 65°C overnight followed by a five hour wash in O.IXSSC 0.1%SDS at 
65°C. 
COMMENTS 
The features described in section 3:1 probably represent small changes 
in the amount of satellite DNA in type B enzyme succeptable segments. The 
differences are easily swamped by the errors of the technique. These errors 
have several components: 
Pipetting errors in both making the digest mixes and in loading the gel. 
Differences in transfer between different tracks. 
Digestion differences. 
k. 	Differences in DNA entering the gel. 
/ 
These differences combine to make a repeatability error of about 5%. 
Differences between strains of inbred mice are only apparent in occasions 
such as those shown in Figs. 25 and 26 where a track in slight excess in 
total DNA is under-represented in hybridized satellite DNA. That these 
differences are easily lost in some circumstances suggests that the differ-
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j:j 	25. 
A comparison between the Msp I susceptible satellite 
DNA of AKR and C57BL/6J mice. 
Eth.Br. fluorescence photograph showing lambda RI/Hind III 
marker track 
Autoradiograph of corresponding nitrocellulose filter 
after hybridization with nick translated BALB/c satellite 
in 3xSSC 4xDenhart at 65 0C,and wash in O.1xSSC 0.1SDS 
at 65°C 
Fig 26. 
A comparison between the Hpa I susceptible satellite 
DNA of DBA-2 and C57BL/6J mice. 
Eth.Br. fluorescence photograph of DNA digests showing 
lambda RI/Hind III marker track. 
Autoradiograph of corresponding nitrocellulose filter 
after hybridization with nick translated BALB/c satellite 
DNA in 3x SSC 4xDenhart at 65 0C,and wash in O.1xSSC 
0.17.SDS at 65 0C. 




In 	th cases onli a ow of the bars in the autjoraTh 
tracing are shown, while the whole of the ehtidimm bromide 
fluorescence tracing is shown.This is for clarity, so that the 
differences between the DNA tracks can be seen 
Fig 27. 
Microdensitometer tracings of the photographs and 
autoradiographs shown in figs 25 & 26. 
1 Autoradiograph 
2 Photograph. 
In both cases the track in excess in the photograph is 






From the fact that both the differences show an increase in the 
satellite DNA in either AKR or DBA-2, it is clear that these differences 
do not correlate with the C-banding differences reported in Dev etal (1973). 
These differences do seem to be about the same frequency as the C-band 
differences reported in Dev etal (1973) and Jonasson etal (1979), and it 
is therefore possible that they have a common origin. The differences detected 
between these mice represents - about 0.25% of the total satellite DNA, which 
is probably more sensitive than the cytological procedures of Dev etal (1973) 
and Jonasson etal ( 1 979). 
3:2 CHANGES IN THE SATELLITE DNA OF A PG1 9 CELL LINE ACQUIRING 
RESISTANCE TO METHOTREXATE 
These cell lines selected for resistance to methotrexate (MTX) by 
C.J. Bostock and V van Heyningen were developed over a period of about three 
years. Accompanying the increase in resistance to MTX the DNA content of 
the cells decreased, and considerable chromosomal changes took place. The 
chromosomal changes gave rise to long abberantly staining regions. The dye 
Hoescht 33258 which is known to have a preferential affinity for A/T rich 
DNA, bound to these regions and fluoresced strongly when excited with U.V. 
radiation. This dye has a strong affinity for the centromeric regions of 
Mus musculus chromosomes, and has been used as an aid to the isolation of 
& Wohlleb 
Mus musculus satellite in preparative CsC1 gradiants (Latt/1975 and 
Manueledis 1977). BrdU treatment of the abherant chromosomal regions 
similarly showed a picture much like that of Mus musculus centromeres 
(C.J. Bostock pers. comm.). 
It was therefore of interest to determine whether or not satellite 
DNA was involved in these changes. In situ hybridization of iodinated 
mouse satellite DNA to the chromosomes of MTX resistant cells showed 
extensive labelling of the new chromosomal regions. Analytical CsC1 
gradients of DNA from MTX resistant cells showed a small increase in the 
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amount of satellite DNA relative to main band in these cells (C.J. Bostock 
pers. comm.). 
Differences between the type B enzyme patterns of these MX resistant 
cells and the sensitive PG19 cells were found after autoradiography of 
Southern blots of DNA digests hybridized with Nick Translated mouse satellite 
DNA. From Fig. 28 it can be seen that the intensity of a number of bands 
in the satellite DNA ladder has changed during the selection process. 
The intensity of these bands is comparable to the intensity of band 
number 15 of the PG19 digest pattern. It is therefore possible to estimate 
the total amount of satellite DNA in these intense bands. The copy number 
of band 15 of the PG19 digest pattern can be estimated from the value of Ppst 
and the percentage of satellite DNA cut by PstI using equation (k). 	(see 
section 1). 
fl = N5 (1_I0pt)2 Pst 
where N is the number of repeat units in the Pst succeptable satellite DNA 
and n is the copy number of band number 15 in the PG19 digest, substituting: 
Pst = 0.84 & N = 10 	(see section 1) 
n = 187 
Thus band number 15 in the PGI9 track corresponds to about 3000 mouse 
satellite repeat units. 
The efficiency of transfer hybridization and auoradiography is such 
that the eleven bands of increased intensity in the MTX resistant cells must 
represent at least the same number of repeat units. Thus a minimum estimate 
of the number of extra repeat units in the 10-4  M MTX resistant cells is 
about 3X101 . 
This corresponds to an average increase of thirty repeat units per day 
during growth under selection. 
This average rate is a minimum rate of increase, and it is not intended 
to suggest either that the 
I) 
rn 





st susceptible satellite DNA in MTX resistant and 
sensitive cells. 
The PG19 DNA digest is indicated,other DNAs are ref eØd 
to by the maximum MIX molarity tolerated by the cells. 
Repeat numbers 5 & 15 are indicated.A bar indicates the 
position of the size classes in excess in the resistant DNA. 
1%Açj2roSQ 
occurred in a small number of discrete changes. The mechanism of this 
change has not been discovered. 
The difference between these tissue culture cells reported here is 
very small. The difference corresponds to about 0.5% of the total 
satellite DNA in these cells, and is therefore much less than the total 
satellite DNA change seen in CsC1 gradients (C.J. Bostock pers. comm.). 
Similar differences to those reported here have also been seen with the 
enzyme TaqI. 
These cells were grown under almost continuous selection, this may 
have biased the changes which are seen. In a more natural state satellite 
DNA content of mouse cells may well change more slowly. 
The differences reported between inbred mouse lines are different in 
type from those noted here in that the whole of the satellite DNA ladder 
is affected. A succession of different changes of the type found in the 
PGI9 derivitives may eventually affect all the size classes in a ladder. 
Thus a variety of changes of this type (but smaller) may lead to the sort 
of difference which can be detected between inbred mouse strains. 
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DISCUSS ION 
All the repeated sequences studied here in the genera Mus Apodemus and 
Rattus have in common a 60BP primary periodicity. If the primary periodicity 
is 60BP, then a second order periodicity is nX60BP, a third order periodicity 
is thXnXGOBP, ... m,n.. etc., being prime numbers. 	A 240BP repeating sequence 
as in Mus musculus and a 360BP repeating sequence as in Apodemus sylvaticus 
are therefore both third order periodicities. Clustering of sites in a I20BP 
periodicity, as in Mus caroli (Table + a,c); that is particular bands from 
the 120BP series, is similarly a third order structure. The Mus caroli 
sequence showing odd multiples of 180BP when digested with Hindlil Fig. 16 
is similarly a third order structure, but the regularity of this structure 
is suggestive of some organization at a higher order. 
These higher order structures are seen to have changed within the 
timescale of the speciation events within the genus Mus. This is clearly 
seen in the comparisons between Mus musculus and Mus farnulus or Mus caroli. 
The comparisons between Mus musculus and Apodemus sylvaticus or Rattus Aorvegicus 
show similar changes. Most enzymes which show a 60BP primary periodicity in 
Mus famulus have acquired a 2 1+0BP. (third order) periodicity in Mus musculus 
and different higher order structures in the other species. 
Observations on a PGI9 (Mus musculus) cell line (section 3:2) show the 
acquisition of a higher order structure, by amplification of particular 
members of the 240BP repeating structure. This newly acquired structure 
must be a fourth order structure. From this observation it is possible to 
deduce that mouse cells can acquire higher order structures in their satellite 
DNA. If the process of acquiring higher order structures is the process by 
which these satellite DNAs have evolved, then it is possible to draw up an 
evolutionary history of the satellite DNAs in these species. (Fig. 29) The 
history is a complex one with different changes in periodicity occurring in 
each species; but common to all is the nature of the diversification process 
which involves the development of higher order structures. 
Fig 29. 
The upper plane in this figure shows the-present day distribution 
of periodic structures in the species and sequences examined.Por 
example Apodemus sylvaticus shows both a 180 and 360 BP periodicity. 
The bottom plane represents the ancestral distribution of periodic 
structures,The middle plane represents the structural diversification 
which has happened between these times,This complex history should 
be contrasted with the apparently simple history of Fig 9.The three 
planes may be regarded as sections through the small solid figure 
at the bottom left,For a discussion of quantitative changes see 
Appendix A 
Fig 29. 
Species distribution of periodic structures. 
'I 
It has been argued (Maio etal Brown & Musich 1977 and Musich Brown 
& Maio 1977) that similarities in periodicities of satellite DNAs reflect 
constrainsts on their possible structures imposed by phasing of nucleosomes 
with respect to the Satellite DNA sequence. From the data presented here 
it can be suggested that some of these similarities may reflect common 
ancestry for the primary periodicity (GOBP) of the sequences related to Mus 
musculus satellite which may be much older than previously suggested, (Biro 
etal 1975 and Southern 1975a) that is older than the Mouse/rat or Mouse/ 
Apodemus divergence. 
All the higher order structures described here may well have arisen 
at a similar time, and not in a clearly defined sequence. The family of 
sequences related to Mus musculus satellite are old and have undergone many 
changes through successive generations, such that many of the sequences have 
changed almost beyond recognition, and yet have retained a common primary 
periodicity. 
It seems unlikely that in the genus Mus satellite DNA changes are 
associated with karyotype changes, for there appears to be little difference 
in karyotype between different species in the genus (Hsu, Markvong & Marshall 
1978). The one natural case where a gross karyotipic change is observable 
is Mus poschiavinus where seven Robertsonian fusions have occurred. (Gropp 
etal 1972). 
In this case the variation between Mus musculus satellite and the 
related sequence in Mus poschiavinus is quite comparable with variation 
within Mus musculus. Therefore the karyotipic change in this case has not 
produced marked effect on the satellite DNA. 
This statement must however be qualified by saying that it is not 
known what the exact nature of this satellite DNA was in the individual or 
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individuals in which these Robertsonian fusions occurred, and can only be 
assumed that the satellite was representative of Mus musculus as a whole. 
It being assumed that Mus poschiavinus is of recent origin (Arrighi. & 
Saunders 1972). 
These comments on the lack of correlation between karyotipic change 
and satellite DNA change are at variance with the suggestion of Hatch etal 
(1976) that in the genus Dipodomys there is a strong correlation between 
satellite DNA content and karyotype. It is possible that this discrepancy 
is due to the fact that the Dipodomys satellites are simple sequence 
satellites with a short periodicity whereas the Mus satellites have a longer 
periodicity, and therefore an evolutionary pathway open to the Mus satellites 
may be closed to the Dipodomys satellites. 
(The partial sequence analysis of Biro, - Carr-Brown Southern, and 
Walker 	suggest a short ancestral sequence for Mus musculus satellite but 
the direct sequencing data of Shrnookler Reis & Biro failed to detect 
periodicity shorter than 60BP). 
The findings reported here are consistant with the suggestion of Salser 
a: 
etal (1976) that changes in satellite DNA are largely quative, but it is 
not necessary to suggest that the' sequences from which the present  day Mus 
satellites are derived were present in low abundance in the ancestral stocks. 
Selective amplification or retention of a component of pre-existing satellite 
would adequately describe the changes observed in the related satellites of 
the genus Mus. If this was the process by which satellite DNA variation was 
introduced into these Mus satellites, then the bulk of satellite DNA variations 
should be at the level of higher order structure. Therefore any mechanism which 
could introduce variation in the amount of specific components of satellite 
DNA, is a possible mechanism for the evolution of these satellite DNAs. Either 
or both the sister chromatia exchange model (Smith 1 973, 1976) and the rolling 
circle model (Horz & Zachan 1977 and Southern 1975a) are therefore possible 
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mechanisms for the evolution of these satellites. The rolling circle 
model has the advantage that it predicts marked higher order periodicity 
such as can be seen in the TaqI or EcoRil digests of caroli DNA hybridized 
under high stringency (Figs. 12 & 13), but has the disadvantage that it 
does not readily explain sequence loss (being an amplification model) 
which would be required of a satellite DNA showing marked higher order 
periodicity. Excision of part of a satellite DNA as a circle, followed 
by replication at a rate slower than the cell cycle is a possible mechanism 
of DNA loss in a rolling circle model, and has been suggested as a possible 
mechanism of DNA loss in Flax genotrophs (Cullis 1977). The sister 
chromatid-. exchange model however permits both the loss and gain of 	K 
sequences. A mathematical model is given in Appendix A which describes 
the consequences of the introduction of variation in amount of particular 
components although the model of the satellite DNA has its origins in a 
sister chromatid. exchange model it can be used to describe any process in 'C 
which changes are symmetric. 	(That is the probability of an increase in 
amount by a given increment is the same as the probability of a decrease 
in amount by that increment.) The general conclusion of the model is that 
particular components of a satellite DNA may wax and wane while the overall 
structure remains. Thus some characteristics will be held in common 
between related satellites while others will be quite different. 
FUNCTION 
As the data presented here are structural in nature, little can be 
gleaned in terms of arguments about satellite DNA function. Two particular 
points, one concerning Mus poschiavinus and the other concerning Mus caroli 
can be made. 
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In Mus poschiavinus it has been noted that crossover suppression, in 
the met2centric chromosomes, is displayed by the fused centromeres 
(Cattanach 1972). While this suppression is clearly a property of the 
fused centromeric regions, it cannot be said that this suppression is in 
any way related to changes in satellite DNA, for any such changes are 
imilar to the variation within Mus musculus. This is not in accord with 
the view that satellite DNA functions by controlling chiasma distributions 
(Miklos & Nankivell 1976 Yamamoto 1 979). 
It has been found that Mus caroli/Mus musculus hybrids are sterile. 
(West etal 1977 and 1978) This could possibly be related to changes in 
the satellite DNAs of these species. There is however considerable difference 
between the non-repeated DNA of these two species (Sutton & McCallum 1972 and 
Rice & Straus 1972) which could also be invoked to explain this hybrid 
sterility. 
It is therefore not possible, on the basis of the data presented here, 
to make any definitive statement about the function of the sequences in the 
genus Mus which are related to Mus musculus satellite DNA. 
CONCLUSION 
These related sequences in the genus Mus have arisen from an ancest"ral 
60BP repeating sequence by a common process. This process is the generation 
of higher order structures from a primary periodicity by selective retention 
or amplification of non-representative portions of a heterogenous sequence. 
. 
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APPENDIX 
A Mathematical Model 
This model is an attempt to examine how the number 
of repeats of a given repeated gene would change with 
time if some variance is introduced into a population 
beforegamete formation,and a new generation is a random 
sample from the frequency distribution of the gamete pop- 
ulation.It is assumed that generations are non-overlapping 
and that the population size is constant. 
A block of repetitious DNA on an individual chromosome X 
has x repeat urtjts.In a population of 2N such chromosomes 
at generation t the mean value of x is xmt  and the 
variance about that mean is V,.In N individuals,2N 




1.) 2N AE x1 = Xmt 
2N 
2.) 12N 	(X 	
2 
ix ) = vxt 
1 
We can now ask about 'the distribution of x 1 in 
the next generation.If we assume a constant population 
size and that each x i  is represented by xôx in the next 
generation( öx.0) .The next generation(t+1 )is a sample of 
gametes 
size 2N from the population of 4Nhaving a mean 	and 








=2N 	X. =x t 	1 	1 	mt 
-2A- 
The variance of xin this the gamete population is: 
Var x = 14N 
	
	{(xi+8xi- x  mt 
)2+(x 
 i- Llix i - x mt ) 2} 
2N 
= 4N E2 (,X2  -2x x 	2 
1 
{(xi-xmt
) 2+ SX i
l 
2N 	 2N 





1 L 	2N 
1 
It is necessary to evaluate 2N 	ex? 
 
2N 	 2N 	 2N 2 




29 	sx? = Var (5x) + 	___ 
To progress further some assumptions must be made about 
6x.In either a rolling circle or sister chromatid exchange 
model &x 1 will be some form of distribution.This distribution 
will be represented by some function of:x(big blocks 
can have big changes,but small blocks cannot).The simplest 
possible function would be where 6xis some proportion of 
xthus 6x can be represented as the bivariate function 
a i x  i 
i.e. 6x1= atx 
- 3A- 	 2N 
1 
It now becomes necessary to evaluate the term 2N 	a.x. 
1 IL 
2N 
Coy (ax) = 	(xjxmt)(aja) 
	
a is the mean of a 
2N 
=[T1N- aixi] - axmt 
2N 	 2N 
1 	 1 
a ' .x. = 	(6x.) 1 	' 	1 
= axmt+ Coy (ax) 
2N 
(5x) = {axmt+ Coy (ax)} 
ands 
2N 
1 	 - 




axmt a 	Xt 
{axmt ( + 	
2 
Now equation (6) can be written in terms of a&x. 
2N 	 2N 	 2N2
1-2 6.) 	8x = 	 i-Tx 	
+ 	ex 
1 	1 	 1 	 1 
1 2N 
= Var (6x) + 	 ( 10) 
2N 2 
ax f0a + 	t) 2 + 1 	 (12) = 	- Xm 
2N 
i 	lax _ - "0a + g2 ))2 + 	
2 





0x axmt;or O•x = Iaxmt  
-4A- 
Equation (13) may now be substituted in equation (5) 
2N 
2 5.)Varx=V +2N 	Sx. xt 	1 1 
2 	 2 
Var x = V + 1ax 	+ ct2 + (axmt+ Coy (ax)) xt 	mta. 	x,i 
Coy (ax) 
a Gx 
Coy (ax) = P°a°x 
(13) 
The variation in x1 in generation t is due to previous 
cycles of introduced variance and sampling.Thus 	depends 
on (a1x1 ),It can be seen intuitivly that 	will be near to 
the mean stagger(Tx) or at least ( 	) will bb close to 
the mean difference of the distribution.If (5x)  is 
normally distributed,then the mean difference A is: 
A 20 fir 
This can be shown to be true if the values of x1 at 
generation t are uniforni,and the following preconditions 
are met: 
4/1 
a> 32N 	as a is small= large N 
a1 is a tight distribution. 
- 5A - 
Substituting 	= axmt in equation (14) and using eq. (5) 
we can write: 
Var x =  (ax mt)2+  ( ax mt ) 2( 	+ 	 )2(1+ p)2 
mt) 	
mt 
N. B. 	=a 
Xmt 
)2+(l+P Var x = ' 	{i+(
Oa  + EYxmt mt  
ax = mt{ 1 +( 
+ (TX)2 + (1+ P(7a) 2 
}½ 
XX 
Var x describes the probability distribution of x 1 about 
JA 
 t 
eq.(3&5).The probability distribution of the mean of 
a sample of 2N chromosomes from this gamete population 
is defined by the mean A and  the variance Var x/2N. 
Consequently the probability that xm(t+1)  lies within a 
given range can be defined, eg: 
X 	
Oar x 
mt - 2/3 V 	~ X(t+ 1) X +2/3 ' 2N 
pO.5 
Following a given probability cut off (p) then: 
Qa 	
'2. 
4 a) _(1C2 	(C depends on p ) x0ax0C 1+ ( a- 2N 
<x < m1 
Ca 
XmO + mO1+(a  
or alternatively: 
Xm&( 1 _b) :5Xml:5  Xm0(1+b) 	
(b is 	constant,see below) 
At t = 2 ; xi(1_b) X2 x 1 (1+b) 
or i xm0(1_b)2xm2xm(1+b)2 
-6A- 
In general : 
xmO(1_b)t Xm xmO(1+b)t 
where b is defined as 
I + a)2 +(1 
bCa/1+\a 	 +P  
a, 	are all small therf ore terms in these squared 
are very small;therf ore: 
bCa/ 	 if 	is also small. 
for a probability cut Off of 0.5, C2/3. 
To compare two species or populations,say A&B,and predict a 
range of values for a third C,it is not necessary to 
evaluate b. 
Say x>  x ; A & B diverged t generations ago. 
Then: 
x = xmO (1+b) tmA 
XB = ,c0(1b)t 
XIuA i  24) log - = t lop 
 the value of log (1+b) and either x or XXmC 
can be calculated,giVefl the time since the divergance or C&B ofA. 
It is possible to use equation (24) with reference to 
the data on Mus musculus satellite presented in the text. 
From the Mus musculus / Mus famulus comparisons it can be 
estimated that,on average a given enzyme cuts about 0.1 times 
as much satellite DNA in Mus famulus as it does in Mus 
xMM 
(
M musculus.It can therf ore be said that - 	) is 10. 
Xr 
-7A- 
Mus musculus and Mus famulus diverged about 2.5x10 6 yrs ago 
(see text).This figure can be directly substituted for t 
if it is assumed that both species had the same constant 
number of generations per year.Then we can say: 
log 	= (log 	10) /2.5x106 = 4x10 7 
If this spectation event is representative of the genus Mus 
then this estimate can be applied to other species comparisons: 
Example 1: 
Mus musculus and Mus poschiavinus seperated at the last 
Ice Age,about 104yrs ago. 
Therf ore 
t71 log = 4x10 7 or = t-1  log 	setting limits. (t = 10) 
= 104x10 3 = 1.009 or = 
1.009MP0.9908M 
Suggesting little change,in agreement with the observations 
reported in the text. 
Example 2: 
For the mouse/rat divergance t is ca 107 yrs. 
Therf ore: 
10 log = 4x10 7 or = 1O log 	as limits. 
M 10 -4 	R 
R 	or - M 
10MR 104M 
This range gives ten repeat units per chromosomal block as 
the lower limit for the mean number of Mus musculus satellite 
repeat units present in rat.In the text it is reported that 
some of these can be found,probably ca 10 3 in toto. 
-8k- 
Example 3 
Mus musculus molossinus has about 40% less satellite than 
Mus musculus.On average then, xMMU = 1.7x 0 .From this and 
the estimate of log (1
(1+b) the time elapsed since the 
divergence of this pair of species can be estimated. 
log 	= (4x107) 	
. 	XriIMu 	 (1+b) t = log 	 = t log (ib) 
Xr vlo 
0.23 	= (4x10 7 )t 
t = 5.8xlO 5yrs ago. 
This division is then about ten times older than the 
Mus musculus / Mus poschiavinus division and about 
one twentieth as old as the mouse / rat division.Rice 
and Straus (1973) were unable to detect any difference 
between the ATM  of reassociated Mus musculus non-repeated 
DNA and the ATM  of reassociated heteroduplexes between 
• Mus musculus and Mus musculus molossinus.They detected 
a 150CATm  for. mouse / rat heteroduplexes.If the accumulation 
of mismatch has been uniform since the mouse / rat 
divergance,then the Mus musculus / M.m.molossinus 
heteroduplexes would (on the basis of t from above) 
be expected to show aATm  one twentieth of the mouse / rat 
ATm.That is aATm of 0.750C,this suggests less than 1% 
mismatch.This figure is in keeping with the observations of 
Rice and Straus (1973),but permits an estimate of the 
time since these species diverged. 
From the three examples shown here it would 
seem that the relationship defined by eq.(24) is not at 
variance with observatton.This relationship also seems 
to be of some value in dating the the divergance of closely 
related species. 
BUM 
This line of reasoning can be extended to describe how 
different components of a satellite DNA might be expected 
to change in time. 
Rates of change of components. 
At time t let there be n. repeats of a satellite DNA. 
Let m t of these be of a given type(say having Ri sites). 
nt = n0(i±b)t ; m = m0(1±b)t 
= p(m), frequency of m. 
nt 
if fl  t:> no 
= n0 (1+b)t 
= MOOb)t 	
m 
To evaluate p ,let p = —;(p is p(m) at time t). t 	t n 	t 
Sot 
m0(i+b)t 	m0(1+b)t 
n0(.1+b)t 	t 	n0(1b)t 
' 	( P o 
for b<<i, 1-b 	1+b 
.n 2 
PO <' pt  ( p0(1+b)2t = p0 
Similartly if n < no 
:& substituting 1 —x 
we have: 
n2 
PO > Pt > p0(1_b)2t = P0 no 
2 In general m changes as n. 
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